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ABSTRACT 


Steady state marine diesel engine exhaust emissions are being reviewed by the 
Environmental Protection Agency for possible regulation. In anticipation of future regulation, the 
United States Navy is developing appropriate emissions models for naval vessels. Actual 
emissions data from a U.S. Navy ship is necessary to provide checkpoints for the models. A 
procedure for collecting this data from an U.S. Navy ship with medium speed main propulsion 
diesels is presented. It is based on similar testing conducted by the U.S. Coast Guard for 
measuring patrol boat diesel engine emissions and International Standards Organization 
methodology. The primary challenge of the experiment design was to minimize interference with 
the engineering plant as the assigned ship was concurrently tasked for other operations. Data 
gathered allowed calculation of engine rpm, engine load, exhaust gas flow rate and determination 
of pollutant amounts. The tests were conducted at a series of predetermined speeds to reflect an 
11-Mode duty cycle developed previously for the LSD 41 Class propulsion diesel engines. The 
results add to a growing data base of marine emissions and offer insight into the into the effects of 
secondary control factors such as sea conditions, maneuvering and continued reactions in the 
stack. 

Additional work is included which models an appropriate duty cycle for U.S. Navy high 
speed propulsion diesel engines found on the MCM-1I Class Mine Countermeasure Ship. The 
results indicate that not only are the duty cycles developed fro commercial ship operations 
inadequate for modeling of naval ship operations, but that the naval duty cycles will vary greatly 
by mission. 
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CHAPTER 1; INTRODUCTION 


1.1 Purpose 

With the passage of the Clean Air Act as amended in 1990, regulations regarding 
limits on the amounts of pollutants discharged as a result of chemical processes were no 
longer restricted to stationary sources and motor vehicles. The act required the 
Environmental Protection Agency (EPA) to determine the contributions of off-road 
moving sources and, if these contributions proved to be significant, regulate these sources 
as well. This measure was an attempt to spread the costs of developing and implementing 
"clean" technologies over a larger population of industries. 

Recent legislative activity and research has been directed towards air pollution 
contributions from off-road sources, including marine engines. As a result, regulation of 
construction and farm equipment, snowmobiles, lawn mowers, etc. has been enacted. The 
regulation of the marine industry, including major ships as well as pleasure craft, has 
lagged which can be attributed to the complexities of ship designs and operation. 

As interest in the reduction of air pollution from marine exhaust increases, so must 
the level of knowledge. Further effort is needed to determine the factors which 
differentiate marine engine exhaust from that of other exhaust sources. Additionally, the 
unique operation and design of public sector vessels may necessitate testing and control 
philosophies different from commercial ships. 

This study continues work to develop a Naval marine diesel engine exhaust 
emissions model. It consists of two parts: 1) development of a representative duty cycle 
and prediction of annual pollutant levels for a U.S. Navy ship propelled by high speed 
diesel engines, and 2) reduction of measured data from an U.S. Navy vessel with medium 
speed main propulsion diesel engines. The prediction of annual pollutant levels for a 
medium speed diesel plant has been previously completed.’ The experimental results 


based on pollutant data gathered from a medium speed diesel ship operating at sea is 


' Markle, Stephen P., Development of Naval Diesel Engine Duty Cycles for Air Exhaust 
Emission Environmental Impact Analysis, Massachussets Institute of Technology, 1994. 
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critically compared to these predictions. 


1.2 Current Regulatory Stance 
The Clean Air Act (as amended 1990), Section 213, requires the EPA to: 

"...Conduct a study of emissions from nonroad engines and nonroad vehicles...to 

determine if such emissions cause, or significantly contribute to, air pollution 

which may reasonably be anticipated to endanger public health and welfare.” 
This study was completed in November of 1991 and led to the regulation of heavy duty 
nonroad diesels in June of 1994, The contribution of marine exhaust to ambient air 
quality was found to be significant, especially the contribution of nitrogen oxides (NO,). 

The EPA estimates that there are 12 million marine engines in the United States.’ 
This total number includes both spark ignition and diesel engines. Their studies indicate 
that 14% of the total non-road source of nitrogen oxides (NO, ) can be attributed to 
marine diesels. The only greater contributors are land-based diesel engines rated at 
greater than fifty horsepower.’ While the marine engine contribution may seem 
insignificant in comparison to the land-based emissions, the current legislative atmosphere 
requires aggressive regulation of all noticeable sources. Figure | refers. 

Although it was noted in the EPA study that marine engine contributions for NO, 
and particulate matter were significant, these engines were not included in the June 
legislation. The reason for this delay lies partly in recognition by the EPA that existing 
test procedures for heavy duty off-road engines may be inadequate for ships.” 


Additionally, any regulatory scheme proposed by the EPA must first be reviewed for 


* United States Environmental Protection Agency, “Air Pollution from Marine Engines to 
be Reduced", Environmental News, 31 October, 1994, p.1. 


> Environmental Protection Agency Information Sheet, Reducing Pollution from Marine 
Engines: Information on the Marine Engine Rulemaking, released October 31, 1994, p.2. 


* "Control of Air Pollution; Emissions of Oxides of nitrogen and Smoke From New 
Nonroad Compression-Ignition Engines at or Above 50 Horsepower", Federal Register, Vol.58, 
No. 93, p.28816. 
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conflict with U.S. Coast Guard directives which serve to ensure the safety of ships and 
Seaways. 

Some of the unique aspects of a ship's geometry pose additional difficulties in 
drafting regulations. The stack lengths on ships are typically longer than the exhaust lines 
on similar land based diesel engines. This additional length may allow continued reactions 
in the exhaust gases, possibly leading to the measurement of different pollutant levels at 
the exit of the stack than at the exhaust valve on the engine. The length of the stack on 
any particular ship is usually set by the internal arrangements and any pertinent critena 
imposed by the ship's mission. This effect may be mitigated by the low residual time the 
exhaust gases need to travel the length of the stack and the isothermal nature of the stack 
system. In his 1994 thesis, Markle proved that for U.S. Navy medium speed diesels, there 
were no significant exhaust gas reactions in the stack. 


Figure 1: Breakdown of Nonroad Sources of NO,’ 


Marne Diesel Engine 
14% 


Other Nonrced 
11% 





Nonroad Engne 
75% 


>50 hP Land-based Diesel 
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The ship's mission is a primary driver in the design of the hull form. The external 
shape of the hull affects the engine through the powering reiationship. Hull friction and 


residual resistance counter the thrust created through the ship's propulsion system and 


> EPA, Reducing Pollution from Marine Engines: Information on the Marine Engine 
Rulemaking, p.3. 
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determine the speed the vessel can attain. The same engine installed in two dissimilar hulls 
will be loaded at different engine torques and cylinder pressures in order to drive the two 
ships at the same speed. It is this consideration that is prompting most of the discussion 
within regulatory bodies regarding the best procedure for emissions testing. No consensus 
has been reached. 

Based on the results of the emissions survey, and due to judicial action by the 
Sierra Club®, the EPA released a proposed marine engine emission legislation in early 
1995. Under this plan, marine diesel engines under U’S. jurisdiction would be regulated 
in one of two manners as determined by the engine maximum power rating. 

Smaller marine diesel engines (less than 50 hP or 37 kW) will be subjected to the 
following limits. NO, (9.2 g/kW-hr), HC (1.3 g/kW-hr), CO (11.4 g/kW-hr) and 
particulate matter (0.54 g/kW-hr)’. These smaller engines will be measured for 
compliance on the test stand and no further measurement will be required once installed 
on the vessel. The testing 1s to be conducted using ISO 8178, Part 1 procedures and duty 
cycles. The proposed standards are to be phased in during engine model years 1998 
through 2006. 

Engines rated at greater than 50 hP (37 kW) will be incorporated into existing 
regulations on land-based non-road engines of similar power ratings*. This ordinance, 
issued on 17 June, 1994, limits NO, to 9.2 g/kW-hr and particulate emissions to 0.54 
g/kW-hr by 1999. Similar to the smaller engines, maximum pollutant limits will be phased 


in by model year. 


© “Control of Air Pollution: Emissions Standards for New Gasoline Spark-Ignition and 


Diesel Compression-Ignition Marine Engines; Proposed Rules", Federal Register, Volume 59, 
No.216, 40 CFR Parts 89 and 91, November, 1994, p.55932. 


” EPA, Reducing Pollution from Marine Engines: Information on the Marine Engine 
Rulemaking, p.3. 


Mibidan: 2. 
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During conversations with EPA personnel”'”, they indicated that the proposed 
regulations were drafted to match as closely as possible the predicted international 
regulatory schemes. The U.S. regulators wish to avoid implementing an emissions 
control scheme which may be at odds with the proposed methods endorsed by 
international shipping organizations such as the International Maritime Organization, 
Marine Environmental Protection Committee (IMO, MPEC). This approach avoids 
penalizing ships calling at U.S. ports by not requiring them to meet different international 
and port state environmental standards. 

Work on development of these international standards continues. Annex 6 to 
MARPOL, the document in which the program will be introduced, was due to be released 
in early 1995. The document has been delayed. A copy of the MPEC's proposal indicates 
that both regulatory sources will implement an approach to diesel engine exhaust 
compliance which requires bench test certification of an engine family. The engine 
parameters which designate an engine family have not been conclusively selected by either 
organization. Examples are engines which use the same type of fuel, method of air 
aspiration, number of cylinders, etc.’’ The intent is to group engine's with similar 
combustion and operating characteristics that should produce similar levels of pollution, 
thereby avoiding testing and certification of every engine model. Once the engine family 
has been certified, the EPA would require later testing of engines after a period of normal 
operation. In their plan, the targeted engine would be removed from a hull and relocated 
to a laboratory for testing. Where engine removal is not possible, the engines may need to 
be tested as installed. 


The certification procedure referred to above 1s currently limited to steady state 


” Interview with Ken Zerrefa, Environmental Protection Agency, National Vehicle and 
Fuel Emissions Laboratory, Ann Arbor Michigan, conducted via telephone on 10 January, 1995. 


'© Interview with Todd Sherwood, Environmental Protection Agency, National Vehicle 
and Fuel Emissions Laboratory, Ann Arbor, Michigan, conducted via telephone on 2 February, 
1995. 


'' Federal Register, Vol 59, No. 216, p.55938. 
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engine operation. While the pollutant emission rate may be higher during transient 
operations, these maneuvers only contribute a small amount to total engine operating 
time’~'’. Based on this conclusion reached independently by both the EPA and ICOMIA, 
duty cycle development should consider only steady state operations. The EPA, in the 
marine engine emission proposal, has asked for comments with regard to using a solely 
steady-state approach for certification testing of candidate diesel engines in order to 
provide a vehicle for dissenters to support their position. 

Despite the similarities between the EPA and IMO proposals with regards to 
certification and monitoring, the IMO does not intend to adopt a single maximum NO, 
emission value for all diesel engines. Figure 2 is a graph of total NO, emissions as a 
function of rated engine speed. Rated speed is defined as the speed at which, according to 
the engine manufacturer, the rated power occurs. The total emission of NO, must be 
within the limits shown in Figure 2 when the engine is fueled with marine diesel oil and is 
operating at a relevant, pre-determined test cycle. This approach results in different 
emission limits for high and low speed engines and addresses the question of engine 
loading through the selection of an appropriate test cycle. 

More stringent maximum single point NO, emission limits have been posed by the 
State of California. Due to the state's extremely poor ambient air quality, they have been 
required by law to address all pollution sources which are found to contribute to air 
quality deterioration, even if these sources are not regulated by the Federal government 
(refer to Section 209(e)(2)(A) of the amended Clean Air Act). New engine model NO, 
emissions will be required to meet a standard of 0.77 to 0.97 g/kW-hr’*. 


As of March, 1995, a State Implementation Plan (SIP) has not been approved for 


'? Federal Register, Volume 58, No.93, p.28820. 


'S Morgan, Edward J., "Duty Cycle for Recreational Marine Engines", Society of 
Automotive Engineers, Paper no. 901596, 1990, p.10. 


'* English, R. E. and Swainson, D. J., "The Impact of Engine Emissions Legislation on 
Present and Future Royal Navy Ships", Presented at INEC 1994 Cost Effective Maritime 
Defense, 31 August - 2 September, 1994, p.3. 
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California. The California Federal Implementation Plan (CFIP) is a federally drafted plan 
which California must adopt until her own SIP is approved. The CFIP has adopted the 
CARB's approach to estimating marine emissions and added a fine/penalty system’’. The 
implementation of the CFIP has been blocked due to economic concerns. The state 
recently released a SIP, which if approved by federal regulators would supersede the 
CFIP. The proposed regulatory scheme of the SIP is similar to the proposed EPA 
rulemaking. 


Figure 2: Maximum Allowable NO, Emissions for Marine Diesel Engines’° 


NOx [g/kWh] OD. /E2 /E, cycle on Marine Diese Oil“ 


E n<130 rpm -——- 17 g/kWh 
130<n<2000 rpm -— 45¢n°? g/kWh : 


n>2000 rpm —* 9.64 = g/kWh | 
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where 0 = rated engine speed { crankshaft revoludons per mmute ). 





'? Markle, pp. 24-25. 


'© International Maritime Organization, "Draft Technical Guidelines for NO, 
Requirements under the New Annex for Prevention of Air Pollution", October 7, 1994 p.2. 
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For additional discussion of the CFIP and CARB studies, refer to Markle, 1994. 
Despite the separate plan and emission limits projected for the state of California, it is 
predicted that the majority of ships visiting U.S. ports will be regulated under the 
IMO/EPA proposal. 


1.3 Motivation 

An approach to monitoring marine diesel engine emissions based on bench test 
results of sample engines prompts two discussions: 1) What is the correct duty cycle for 
testing of a marine vessel? Can all marine vessels be represented by the same duty cycle? 
and 2) How well does a controlled laboratory test capture the actual emissions of a ship's 
engine performing at sea? 

A duty cycle 1s a sequence of engine operating modes each with defined speed, 
torque and time weighting factor. A survey of existing diesel engine duty cycles is 
presented in Markle, 1994. Emphasis will be placed on only one set of these duty cycles, 
those presented by the International Organization for Standardization (ISO) in its 1992 
publication, "Reciprocal Internal Combustion (RIC) Engines - Exhaust Emission 
Measurement", ISO 8178-4. Thirteen duty cycles for various engine applications are 
listed in this document, four of which the EPA is considering for modeling of marine diesel 
engine operations’’. The pertinent test cycles are provided in Table 1. The power figures 
are percentage values of the maximum rated power at the engine's rated speed. 

ISO Duty Cycle C1 is primarily used to model off-road vehicles and industrial 
equipment with medium to high loads. The EPA has suggested this cycle to model marine 
auxiliary diesel engine operations. This definition would include all diesel generator sets. 
In recognition that C1 may not be the appropriate test cycle to model marine generator 
sets, which operate at a constant speed, cycle D2 has also been suggested. 

ISO Duty Cycles E2 and ES can be used to model marine diesel propulsion engines 


based on a propeller curve mode of operation as opposed to constant speed operations. 


'” Federal Register, Vol. 59, No. 216, p.55940. 
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Cycle E5 is developed from operational data gathered by Volvo and the Norwegian 
government and 1s appropriate for diesel engines in craft less than 24 meters long. It is 
intended to model craft which are not heavy loaded; therefore engines installed in tug 
boats and push boats less than 24 meters in length are excluded from using this test cycle. 
ISO Duty Cycle E3 1s based on propeller curve mode of engine operation (as opposed to 
constant speed engine operation) and also represents heavy duty engines for ship 
propulsion with no limitations on the length of the ship. The final EPA legislation will 
dictate testing to be performed using one of these two cycles, selected on the basis of the 
arguments presented in response to the proposed rule-making. Neither may be 
appropriate for engine which drive controllable pitch propellers, which operate at low 
loads with a constant engine RPM. 

The ISO 8178-4 RIC Duty Cycle E3 and ES are derived from commercial vessel 
operation. Large commercial vessels (such as containerships, bulk carriers, etc.) are 
designed to sustain high usage rates at a relatively constant speed. They operate near the 
hull's maximum speed capability, with transient behavior only when entering and leaving 
port. Hence the emphasis in Duty Cycles E3 and ES on high speed cruising near the rated 
power of the engine in the test cycles. 

In general, naval ships spend less time at sea and operate with large variations in 
ship's speed. In recognition of this fact, a method for determining alternative diesel engine 
duty cycles for naval ships was developed and demonstrated for the LSD-41 Class 
Amphibious Vessel. The results of this analysis can be found in Markle. Markle used his 
duty cycle with appropriate test bench measured diesel engine emission maps to predict a 
single point annual pollutant emission amount. Using other common duty cycles and the 
Same emission maps, a comparison could be accomplished and the appropriateness of 


applying commercial ship based duty cycles to naval vessels could be discussed. 


1.4 Thesis Outline 
The first section of this thesis applies the same methodology to a representative 


high speed main propulsion diesel engine in the United States Naval inventory. The 
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Table 1: Sampling of ISO 8178-4 RIC Duty Cycles'® 


Mode Number “Speed Weight Factor 


% Torque 


not % Power 





'® ISO 8178, Part 4, Reciprocating Internal Combustion Engines- Exhaust Emission 
Measurement, Part 4: Test Cycles for Different Engine Applications, August, 1992, pp. 12-15. 
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selected ship class is the MCM-1 Mine Countermeasures Ship. Three of the thirteen ships 
in the class were visited and subsequently analyzed. Using data available both from recent 
bench testing of the Isotta Fraschini engine and from literature, an estimate of the annual 
pollutant emissions from a MCM-1 Class warship was computed. These results were 
critically compared to calculated emissions based on the ISO duty cycles. 

As alluded to in the previous section, the proper method for estimating the 
emission tonnage which can be attributed to marine engines is still under debate. The 
bench testing of a representative engine at an appropriate duty cycle has been 
recommended by both the IMO and EPA. CARB's regulatory scheme uses emission 
estimates based on an assessment of traffic types and densities combined with an emission 
factor equating NO, levels to rated engine RPM. Other regulatory bodies employ 
different forms of emission factors, many of which are supported by little literature 
detailing the origins of the factors. 

It is also strongly felt that many emission factors fail to account for common 
operating situations, such as mistuned engines, variations in emissions from engines of the 
same model, and variation in engine operating hours and maintenance levels. In particular, 
has been demonstrated that NO, levels are very sensitive to engine combustion chamber 
conditions”. 

The second section of this thesis attempts to provide additional data to a growing 
database in order to resolve which emission estimation procedure best models actual levels 
measured from ships at sea. The instrumentation and collection of emission data from a 
LSD-41 ship operating at sea is discussed. The results are compared to estimates 


previously calculated’® and proposed maximum emission limitations. 


' Lloyd's Register Engineering Services, Marine Exhaust Emissions Research 
Programme: Steady State Operation, 1990, p.4. 


0 Markle, 1994. 
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CHAPTER 2: MCM-1I Class Description 


2.1 Hull and Propulsion Plant Description 
The MCM-1 Mine Countermeasures Ship Class was designed to replace the older 
AGGRESSIVE and ACME classes of minesweepers (MSOs). The MCM-1 Class ts 


designed to clear bottom and moored mines in coastal and offshore areas and is both 





larger and more capable than its predecessors. The wooden hull, with its glass reinforced 
plastic sheathing, 1s an unique characteristic of the ship. Figure 3 is a port bow view of the 
USS SCOUT (MCM-8) at sea. Figure 4 provides the class body plan, which 


simultaneously displays two half transverse elevations of the hull about a common vertical 


centerline. Principal dimensions are included as Table 2. 


Figure 3: USS SCOUT (MCM-8) Port Bow View”! 





There are a total of fourteen ships in the MCM-1 Class. The first two hull numbers 
have a different propulsion plant, consisting of four Waukesha diesel engines and two 
propulsion shafts. These engines were found to be both noisy and maintenance intensive, 


and were replaced in the later hulls of the class. 


*! Ships and Aircraft of the United States Fleet, U.S. Naval Institute, Annapolis, 
Maryland, 1993, p.212. 
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Figure 4: MCM-1 Class Body Plan” 
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Table 2: MCM-1 Class Hull Dimensions 











Wetted Surface Area ae 
Water Plane Area Coefficient (Cy ) 0.755 


The propulsion plant in the remainder of the ship class consists of four 





turbocharged Isotta Fraschini diesel engines rated at 600 horsepower with two smaller 


22 MCM Countermeasures Ship (MCM) Preliminary Design Hull Form Developmen 
Report (C), Naval Sea System Command report C-6136-78-31, Februaury, 1979, p.41 (unclas). 
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(200 horsepower) direct current electric light load propulsion motors (LLPMs). Under 
normal steaming conditions, each shaft is driven by either one or two main propulsion 
diesel engines through a flexible coupling, a pneumatically operated tube type friction 
clutch and a single stage Philadelphia Gear reduction gear. The reduction gear ratio is 


given by equation (1). 


RPM 
ee —— 110.64 (1) 


REM sap 


For light load conditions (less than eight knots), and at times when the ship wants 
to minimize waterborne noise, the reduction gears can be directly coupled to the light load 
electric motors. Power for these motors 1s provided by the ship's magnetic minesweeping 
gas turbine generator. Additionally, a 350 horsepower electrohydraulic bow thruster is 
installed. Three Isotta Fraschini diesels are also employed as the electrical generator prime 
movers. In this use, the engines run at a constant speed and are loaded lightly. Basic 
engine parameters are provided in Table 3. Figure 5 is a right, front view of the engine. 


Table 3: Isotta Fraschini Diesel Engine Parameters 


Type 
Cyele 
ated RM 
Bore and Stroke - inches 6.693" XK 6.693" 

Number of Cylinders li 
Piston Displacement 
Engine RPM at Idle (Not Loaded) 
















Compression Ratio 
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Figure 5: Isotta Fraschini 36 556 V-AM, Right Front View” 
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*3 MCM-! Class Ship's Information Book, Volume II, SIMCM-AC-SIB-020/MCM-3, 
Naval Sea Systems Command, Washington D.C., p.4-3. 
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Two inboard turning, controllable pitch propellers complete the drive train. As in 
any mechanical system, the connection of the various components is not accomplished 
without friction losses. The mechanical efficiency (1,,.-<q;) indicates the extent of these 
losses by comparing the shaft horsepower (SHP) measured at the propeller to the brake 
horsepower (BHP) measured at the engine output shaft. Equation (2) computes the 


mechanical efficiency of the drive train for the MCM-1 Class. 


BEES 22875979 (2) 


Tt = 
MECH PHP 1200 


2.2 Ship Powering Curve 

A ship's forward motion through the water is retarded by drag, which consists of 
frictional and residual drag forces. The amount of frictional drag is primarily determined 
by the wetted surface area of the hull. Air drag also 1s a part of the total frictional drag, 
but its contribution is usually quite small for naval combatant vessels. The residual drag 
forces consist of all forms of flow drag that are not residual. This includes wave-making 
and eddy forming resistance. 

The amount of drag which a hull form will experience is determined early in the 
design process using numerical processes and model test results. This data 1s used to 
adequately size the propulsion plant so as to enable the hull to meet the desired sustained 
speed. After the ship is built, it is taken to sea and tested to determine the actual 
performance of the propulsion plant and hull under realistic operating conditions. The 
Propulsion Plant Standardization Trial is conducted on one ship of the class, and the class 
wide powering curves are constructed from its data. 

The Standardization Trial for the MCM-1 Class was conducted on 14 June, 1991 
aboard MCM-8, USS SCOUT. Table 4 contains a summary of the results of these trials. 
The testing was conducted at design displacement and draft; these conditions will be 


assumed throughout the analysis. 
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Table 4: Standardization Trial Results” 


Speed (knots) Shaft RPM Torque (Ibf-ft) Power (hP) 









The data in Table 4 suggests the relation between speed and power for the 
MCM-1 Class. Curve fitting the speed and shaft power data points provides the powering 


curve given in Figure 6. 


Figure 6: MCM-1 Class Powering Curve 
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** Kilitsch, Michael and Liu, Wayne, USS SCOUT (MCM-8) Results of Standardization, 
Locked and Trailed Shaft Trials, Carderock Division, Naval Surface Warfare Center, 
CARDEROCKDIV-92/008, Bethesda, Maryland, May, 1992, pp.26. 
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The curve of Figure 6 represents two operating regimes. At speeds below 9 knots, 
which corresponds to a speed/length ratio less than 0.6, frictional resistance dominates. 
The power to overcome frictional resistance is a function of the ship's velocity squared and 
in this case 1s governed by equation (3). 

At speeds greater than 9 knots, residual resistance dominates and the associated 
shaft horsepower per knot is a function of the ship's speed cubed. This relationship is 


represented by equation (4). 


Power = 4.07 « Speed * + 26.5 « Speed (3) 


Power = 244.86 « Speed - 40.029 « Speed * + 2.449 « Speed ° (4) 


Equations (3) and (4) provide estimates of the required shaft horsepower 
necessary for the ship to maintain a certain speed. These equations apply for every ship 
of the class but gross errors can be introduced due to ship loading, hull fouling, machinery 


degradation or adverse weather conditions. 


2.3 Standard Bell Order Table 

For most ship classes, the Standardization Trials also provide the class wide 
relationship between shaft RPM, propeller pitch angle and ship's speed. The MCM-1 
Class vessels, similar to many other naval ship classes with controllable pitch propellers, 
maintain a constant shaft RPM at low ship speeds, controlling the developed shaft thrust 
by adjusting the pitch on the propeller blades. Above a certain shaft power, the propeller 
pitch is held constant and the ship's speed is raised by increasing the shaft, and engine, 
RPM. The shaft power at which shaft RPM begins to increase at constant pitch (ramp-up) 
can be programmed through electronics, which monitor engine torque and usually include 
a feedback loop. An electronically predetermined throttle position corresponds to specific 


engine RPM and propeller pitch settings, which can be correlated to ship's speed using the 
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powering relationships developed from the Standardization Trials. The final result is a 
class wide standard bell order table which equates a specified bell order to an approximate 
ship's speed by indicating propeller pitch and shaft RPM. 

Currently, class wide standard bell orders are not specified for use by the MCM 
Class ships. The primary reason lies with the relative newness the ship class. Unlike other 
feedback systems for the electronic controls which measure shaft torque directly or engine 
air box pressure, the MCM-1 controls receive feedback from secondary signals of 
propeller pitch and shaft RPM. The original ramp-up control points for MCM-3 through 
MCM-8 were found to cause an unacceptable engine acceleration rate when increasing the 
propeller pitch from 80% to 100%. To reduce this acceleration rate and account for 
changes in the LLPM motor controllers, the electronics were changed for MCM-9 
through MCM-14. Plans are to retrofit the system changes to cover all ships of the class 
with Isotta Fraschini engines installed. Future plans also include adjusting the ramp-up 
controls feedback signal and relocating the measurement points to more accurate engine 
indicators such as the air box pressure or improved shaft torsion meters”’. 

The use of feedback signals originating from the propeller pitch and shaft RPM has 
also raised concerns of possible engine over-torquing if class standard bell orders are 
introduced prematurely”®. Since the zero thrust pitch position for each ship of the class's 
propellers is not the same value, the engine load corresponding to a predetermined signal 
for maximum speed may call for an engine RPM and torque greater than the engine was 
designed for. Until improvements to the MCM-1! Class machinery plant control system 
are completed, each ship has been directed to conduct their own trials and develop 
appropriate bell order tables for their own use. 


The bell order tables for three recently built MCM-1! Class ships (USS ARDENT 


> Phone Conversation with Ray Conway, Naval Ship Systems Engineering Station 
(NAVSSES), Philadelphia, PA dated 20 March, 1995. 


6 Phone Conversation with Gary Carlson, Code 260, Supervisor of Shipbuilding, 
Conversion and repair, USN (SUPSHIP) Sturgeon Bay, Sturgeon Bay, WI, on 21 Feb 1995. 
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MCM-12, USS GLADIATOR MCM-11 and USS WARRIOR MCM-13_) were obtained 
and compared. The table of the USS GLADIATOR was selected as the best 
representation of propeller pitch/shaft RPM and ship's speed relationship for MCM-9 
through MCM-14. It most closely matched the data points measured on MCM-8, USS 
SCOUT, during Standardization Trials. The relationship changes with the number of 
engines online. Figures 7 graphically depicts the linear relation between pitch/RPM and 
ship's speed when operating in the forward direction. 

The different ramp-up points for four verses two engine operations is obvious from 
review of the Figure 7. This variation creates a different relationship between ship's speed 
and pitch/RPM as the total number of engines online is changed. For two engines online 
per shaft, equation (5) gives the ship speed equation for operation in the constant RPM 
region where speed is determined by propeller pitch. Equation (6) gives the ship speed as 
a function of RPM in the constant pitch region. 


Figure 7: Ship Speed Ahead verses Shaft RPM and Pitch Angle 
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Equations 5 and 6: 
Two Engines Online Per Shaft: 


Ship Speed - 11.7 + 4.6 » Speed + 1.28 + Speed ? (5) 


Ship Speed = 13.5 + Speed - 16.28 (6) 


Equations (7) and (8) provide the same relations when only one engine is online per shaft. 


One Engine Online Per Shaft: 


Ship Speed - 11.5 + 3.55 « Speed + 1.38 + Speed ” (7) 


Ship Speed = 15.45 +» Speed - 12.35 (8) 


The resulting Standard Bell Order Table is included as Table 5 and is used 
throughout this thesis when equating engine orders to ship's speed through the water. The 
astern direction bells have not been included as this thesis concentrates on steady state 
Operation, and astern maneuvers are used only in transient operations. 

In order to provide better control during tight maneuvering situations, such as 
station keeping during mine-hunting operations, a non-standard nomenclature is used for 
the bell orders. Only the MCM Class ships with the Isotta Fraschini main propulsion 
diesel engines (MPDE) have a control system designed to respond to bell orders ranging 
from one to ten. Increments as small as one tenth between these standard bells can be 


ordered, although the norm is to adjust only to the closest half bell. 
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Table 5: Standard Bell Order Table 


Bell Order Speed (knots) | Engines/Shaft | Shaft RPM | Propeller Pitch 





2.4 MCM-1 Class Ship Operation 


Unlike other ships in the U.S. Navy inventory, the MCM-1 Class vessels assigned 
stateside do not deploy regularly. Rather, the crews of these ships are rotated to forward 


deployed ships of the class. The primary purpose of the stateside ships are to serve as 
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replacement vessels and to serve as training platforms for rotating crews. The nature of 
mine-hunting requires most training missions to be accomplished close to the shore, in 
waters of depths less than 1000 feet. In this role, the majority of the stateside MCM 
Class operations are conducted within fifty miles of land, in an operating area referred to 
as GOMEX, which stands for the Gulf of Mexico Operating Area.) GOMEX is land 
bound, snuggly situated with the Texas coastline to the north and west, Mexico to the 
South, and the Florida panhandle due east. The operating enviroment in GOMEX is 
greatly effected by close land masses. 

Even when transiting to other continental U.S. ports for training or liberty, the 
short endurance of the ships precludes routing more than one day's travel distance from 
land. Based on these established patterns, it is reasonable to assume that all MCM-1 Class 
operations occur within 100 nautical miles of land. This proimity to land increases the 
possibility that the exhaust emissions of the MCM-1 Class contribute to the polution 
problems of coastal areas. 

In the GOMEX operating area, the ship conducts a wide variety of crew training. 
This may include engineering plant casualty, damage control, man overboard and ship 
handling drills. These evolutions are conducted at a myriad of speeds and engine 
alignments. Minehunting training can be either mine sweeping, which 1s conducted at a 
singular slow speed or minehunting, which is conducted at slow speeds or at idle with 
many speed changes. Infrequently, the Main Propulsion Diesel Engines (MPDEs) are 
disengaged and the shafts are propelled by the LLPMs while conducting slow speed, quiet 
mine hunting operations. In contrast, the ship operators prefer to transit at high speed, 
which for this ship class approaches twelve to fourteen knots. Despite the relative 
newness of the class, these operating patterns appear to be well developed. 

The method by which the MCM-1 Class operating profile was established was 
based on a similar analysis conducted on the LSD-41 Class Amphibious Ships by Markle 
in 1994. A variety of operational logs were gathered, including the ship's Deck Log and 
Engineering Log. The Deck Log is a legal document which records all significant events 


in the course of a day. Underway, it is also the document used to record the time and 
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magnitude of all speed and course changes. The speed changes are given in terms of a bell 
order, which equates to a predetermined propeller pitch angle, shaft RPM and ordered 
speed. A sample Deck Log sheet is provided in Appendix A. 

The Engineering Log records all pertinent information regarding plant status and 
evolutions in the engineering spaces. The most important entries in this log for analyzing 
the ship's operating profile is the starting, clutching, declutching and stopping of MPDEs. 
A sample Engineering Log is also provided in Appendix A. 

In order to develop an appropriate operating profile for the MCM-1 Class, copies 
of these two logs from three of the fourteen ships were collected. The three ships selected 
had recently completed similar operations, including GOMEX training operations, transit 
to Panama City, Florida for advanced combat systems training, and additional transit to 
support crew's liberty. Included in the six months reviewed are unequal portions in which 
all engines were out of commission due to repair work. Table 6 presents a summary of 
the operating time evaluated. 


Table 6: MCM-1 Class Ship Data Summary (time in hours) 


_ | uss arpenr_| ss GLADIATOR | USS WARRIOR 


19997 34157 22510 


Time Declutched 623 1830 965 
(Cool Down) 


Table 6 implies that the MPDEs are operated a low percentage of the total time 
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analyzed. This is a reflection of the low availability of the MCM-1 Class equipment 
(including the Isotta Fraschini Engines) and the modest range of the vessels. Most 
GOMEX maneuvers are conducted in a single day, with a return to port at the 
conclusion. It is not anticipated that these patterns will change significantly as the class 
matures. 

The method of forming the operating profile closely follows that used by Markle. 
The Engineering Logs and Deck Logs were used to determine the amount of time each 


engine was online at specific speed and power combinations. Figure 8 recreates a flow 


chart of the logic used 1n the analysis. The composite operating profile for all three ships 
is included in Table 7. 
Table 7; MCM-1 Class Composite Operating Profile Time Factors 


Ship Speed (knots) | One Engine/Shaft Two Engines/Shaft Total 
* 
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Figure 8: Operating Profile Analysis Flow Chart 
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Figure 9 presents the data of Table 7 in an easily viewed format. Review of the 
figure implies that the MCM-1 Class ships operate primarily at the higher speed ranges 
and at idle. The idle time factor also includes time the engines spent at cool-down and 
declutched. Although there was no requirement for a significant warm-up period prior to 
clutching in the Isotta Franchini engines, standard operating procedure does include a five 
minute cool-down period. The idle time factor was defined to include all intervals in 
which the engine was operated declutched for cool-down or drills and intervals in which 
the ship was making no headway, but the engines were online. The difference in engine 
load for these conditions is insignificant. There is also a significant spike at ten knots, a 


preferred speed for transit operations. 


Figure 9: MCM-1 Class Composite Operating Profile 
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Figure 9 can be contrasted to Figure 10°’, which is recreated from 
Markle. Figure 10 is the composite operating profile for the LSD-41 Class Amphibious 
Vessel. The ships are powered by Colt-Pielstick PC2.5-V16 engines, a medium speed 
diesel. The profile for operation of the amphibious ship indicates greater time factors for 


the slower speeds of five and ten knots and a spread centering on seventeen knots to 


27 Markle, p.83. 
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represent transit operations. The notable difference in the operating profile between the 
two ship classes implies that the ship's mission has a significant impact on the duty cycle 


and should be the primary factor on which the duty cycle is based. 


Figure 10: LSD-41 Class Composite Speed Operating Profile 
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Figure 11: Composite Operating Profile Cumulative Time Factor Comparison 


0.8 


oO 
co) 


| 





oO 
> 


Cummulative Time Factor 
{ 
t 
Oo > 
: Se 
2om 
9 4 


eS 


om © ~ 
@ Lo2) 


- 
L227) 


Fiz 
11.9 
13.1 


N © 
o oO 
~.UC(<itit = 


0925 


Ship Speed (knots) 


36 





Figure 11 demonstrates the variation in how each of the MCM-1 Class ships 
considered in the analysis were actually operated. The variation at low speeds is minimal, 
with significant deviations beginning at a speed of approximately six knots. This variation 
reflects the influence of operator preference in developing a class wide operating profile. 
The large spike at approximately 7.5 knots for the USS GLADIATOR was created when 
the ship was tasked with additional transit operations beyond those assigned to the other 
two ships analyzed. This was an isolated event which had little impact on the class wide 
operating profile. 

Operating logs from one ship were analyzed to predict the SSDG operating profile. 
Table 8 provides a summary and Figure 12 presents the data graphically. The operation of 
the MCM-1 Class SSDGs is concentrated around the 50 percent load point. This pattern 
matches that observed in Markle for the SSDGs aboard the LSD-41 Class Amphibious 
Ships. The parallel results for ship classes with radically different missions can be 
attributed to U.S. Navy standard operating procedures. Navy ships are required to keep 
additional generators online over what is required by the electrical load in the event of a 
casualty. If one generator is lost, there must be sufficient capacity remaining to continue 
to provide the vessel adequate electrical power for operation. This requirement is 
common for all naval ships, and explains the similar SSDG operating profile for both the 


MCM- 1 and LSD-41 Classes. 
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Tume Factor 


Table 8: SSDG Engine Operating Profile Time Factors 


Engine Speed Engine Load Time Factor 
(% of Rated) (% of Rated) 





Figure 12: MCM-1 Class SSDG Operating Profile 
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Chapter 3: MCM-1 Class Duty Cycle and Comparison 
3.1 MCM-1!1 Class Duty Cycles 


In Chapter Three of his 1994 thesis, Markle describes the development of duty 
cycles for generic application to land based diesel powered systems. In all of these 
systems, the useful power out of the diesel engine is countered by static and rolling friction 
forces. The relationship between these forces, vehicle size (weight) and engine loading 
results in a fairly constant percent plant output for a given vehicle speed. This 
consistency, despite differences in manufacturers or vehicle size, allows accurate modeling 
of most engines’ operations using generic duty cycles. 

Markle then compares engine horsepower normalized by vehicle weight (or ship 
displacement) against weight or displacement in an effort to reveal the wide variability in 
ship displacements and power requirements. For naval ships, this variability has two 
causes: 1) the engines are sized to provide a "burst speed" capability, and 2) the 
underwater hull form of ships with similar displacements can be radically different, 
creating varying powering relationships for each hull. A generic duty cycle for marine 
vessels would be inadequate for modeling all ships because of this unique resistance 
relationship. The class specific duty cycle must be generated based on the time factor, 
engine power and speeds of the class wide speed operating profile. 

Previously, the operating profile for the MCM-1 Class was developed from a 
review of actual ship operating logs. The composite operating profile can be combined 
with ship specific propulsion train and powering information as indicated in Figure 13 to 
determine the MCM-1 Class duty cycle. The MPDE duty cycle presented in Table 9 was 
created using the method charted in Figure 13 and by combining engine speed and power 
ranges about the most heavily weighted operating points. As the ship can be operated 
with either one or two engines per shaft, the duty cycle contains representations of both 
alignments. 

The MCM-1 Class duty cycle contains significantly more data points than duty 


cycles created to model commercial ship operations which were introduced in Chapter 
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One. The additional data points are necessary to model the wider variation in operating 
speeds experienced by a Naval ship. The MCM-1 Class operating profile displays a bias 
toward high speed transit versus slower speed maneuvers. Despite this pattern, sufficient 
slow speed operating points must be included in a duty cycle to project an image of all 
types of maneuvers. 


Figure 13: Naval Ship Duty Cycle Analysis Flow Chart” 
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Table 9: MCM-1 Class MPDE Duty Cycle 
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The MCM-1 MPDE Class duty cycle is plotted along with the other duty cycles 







introduced in Chapter One as functions of engine RPM and load (Figure 14). The 
MCM.-1 Class duty cycle has a greater number of operating points and more closely 
matches a representative plot of a propeller curve for controllable pitch propellers. 

The duty cycle for the SSDG prime movers is developed in a similar fashion. The 
typical underway electrical load is 360 kW, usually split between two generators for safety 
through redundancy. The rated electrical load for one generator is 375 kW, which 
accounts for losses incurred converting mechanical energy to electrical energy. At anchor, 
the load on each generator decreases to approximately 25% of the rated engine power. 


The MCM-1 Class SSDG duty cycle is presented in Table 10. 
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Figure 14: Duty Cycle Engine Speed and Power Points 
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RPM Factor 


Table 10: MCM-1 Class SSDG Duty Cycle 


Engine Speed Engine Load Time 


(% of Rated) (% of Rated) Factor 





This duty cycle varies slightly from that derived for the LSD-41 Class Amphibious 
Ship, with the MCM-1 Class SSDGs tending to be more lightly loaded. It 1s also similar 
enough to the proposed ISO 8178 D2 duty cycle that this testing procedure could be used 


with minor adjustments. 
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3.2 MPDE Duty Cycle Comparisons 

In order to validate the MCM-1 Class duty cycles, estimates of the composite duty 
cycle pollutant levels were compared to estimates developed from the composite operating 
profile. As of April 1995, an emissions map for the Isotta Fraschini diesel engine has not 
been released to the public. Therefore, an emissions contour plot for a similar sized 
engine was used to compare the accuracy of the duty cycles in modeling actual 
MCM.-1 Class operations. The contour plots were developed from bench testing of a 
Pielstick PA4-200-VGA diesel engine. The rated speed of the engine was slightly less 
than the Isotta Fraschini (1500 versus 1800 RPM) and the rated power per cylinder was 
slightly greater (123 bhp/cylinder versus 100 bhp/cylinder). Copies of the gaseous 
emissions contour plots were found in the August, 1992 edition of Motor Ship” and are 
plotted as a function of engine speed and power. The curves are normalized to rated 
power and speed and recreated in Appendix B. They are also reproduced as Figures 15 to 


17. Equations (9 ) and (10 ) were used in normalizing the speed and engine power. 


Power 
Point 
Power Fraction" oe (9) 
OWE”? Rated 
RPM ,, .. - RPM 
RPM Point Idle (10) 


Factor ~ 
RPM Rated ~ RPM Idle 


The MCM-1 Class operating profile power fraction and RPM factor data points 
for both one and two engines per shaft alignments are superimposed on each of the three 
normalized contour plots. Additionally, the operating points for each duty cycle are also 
imposed. These plots are contained in Appendix C. The pollutant values for each plotted 
operating point (power fraction and RPM factor) are linearly interpolated, multiplied by 
the respective time factor and summed to establish the emission amount in g/bhp-hr for the 


class operating profile and each duty cycle. 


8 "Designers Anticipate Engine Emission Controls", Motor Ship, August, 1992, p.28. 
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Figure 15: Pielstick PA4-200-VGA NO, Emission Contour Map (g/kW-hr) 
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Figure 16: Pielstick PA4-200-VGA CO Emission Contour Map (g/kW-hr) 
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Figure 17: Pielstick PA4-200-VGA Gaseous HC Emission Contour Map (g/kW-hr) 
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The calculation of the weighted average emission sum is performed using equation 
(11). The power and time factor for each operating point are determined by the duty 
cycle, and the pollutant value is picked off the emission contour maps at each operating 
point. These results are summarized in Table 11 and all supporting calculations are 


included as Appendix C. 


yo" Pollutant Value , (g/hr) w, 
Weighted Average = —————_________- (11) 
BHP ; -w, 


where #7 is the number of operating points in the duty cycle and w is the weighted time 


factor. 





? ISO 8178, Part 2, Reciprocating Internal Combustion Engines- At site Measurement of 


Gaseous and Particulate Exhaust Emissions, October, 1992, p.13. 
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Table 11: MPDE Duty Cycle Emission Prediction Summary 


[Jno ete nn [co emean [ac inn 


The values in Table 11 are not emissions estimates for the Isotta Fraschini engine. 













The emission contour plots onto which the propeller curve and duty cycles were 
superimposed were not developed from Isotta Fraschini tests, but for a similar high speed 
diesel engine (Pielstick PA4-200-VGA). As the actual contour plots for the Isotta 
Fraschini engine are not available, the Colt-Pielstick engine's emissions are substituted so 
that the accuracy of each duty cycle as a model could be determined from comparison to 
the cumulative, weighted emissions of the operating profile described in Chapter Two. To 
ease the comparison, the predicted emissions from each duty cycle and the operating 


profile are plotted simultaneously in Figures 18 through 20. 
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Figure 18: MPDE NOx Prediction Comparison (g/bhp-hr) 
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Note: MCM-1 Duty Cycle is the cycle introduced in Table 9. 
MCM-1 Op Profile is the cycle introduced in Table 7 of Chapter Two. 
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Figure 19: MPDE CO Prediction Comparison (g/bhp-hr) 
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Figure 20: MPDE Gaseous HC Prediction Comparison (g/bhp-hr) 


0.50 
045 
0.40 
0.35 
0.30 
0.25 
0.20 
0.15 
0.10 


0.05 





0.00 


MCN-1 Op Profile ISO E3 CARB &Mode ISO E5 ICOMIA MCMN-1 Duty Cyde 


48 





The emissions from the MCM-1 MPDE Duty Cycle provide the closest 
comparison to those predicted from overlaying the MCM-1 Class MPDE operating profile 
onto the Pielstick PA4-200-VGA emissions contour maps. The NO, figure is within two 
percent, the HC prediction is just over five percent higher and the CO figure has the 
greatest error at 15 percent. None of the generic ISO duty cycles could match this 


performance in modeling of the actual ship operations. 


3.3 SSDG Duty Cycle Comparisons 

This same procedure for predicting and comparing the specific emissions of 
appropriate duty cycles against the predicted emissions of the engine operating profile was 
repeated for the Isotta Fraschini engine used as a generator prime mover. Summary 
emissions for the duty cycles appears in Table 12. 


Table 12: SSDG Duty Cycle Emission Prediction Summary 


[Tres arin [co gman | uceninnn 


Figures 21 through 23 indicate the ISO C1 and D2 Duty Cycles are inappropriate 
for modeling of the MCM-1 Class SSDG. The C1 Duty Cycle has been recommended by 







the EPA for use in qualification testing of marine auxiliary diesel engines’. It is not a 
constant speed cycle. The ISO D2 Duty Cycle has also been considered by the EPA for 
uSe in testing engines destined for marine auxiliary uses and it is a constant speed test 
cycle. The emission predictions of neither duty cycle adequately matched those of the 
operating profile. 


The best approximation to the SSDG operating profile (Table 8) is provided by the 


°° Fed Reg, Vol. 59, p.55940. 
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SSDG Duty Cycle (Table 10). The maximum errors compared to the emission 
predictions of the MCM-1 Class SSDG operating profile are as follows: NO,, 2%; CO, 
5%; and gaseous HC, 1%. 

Figure 21: SSDG NO, Prediction Comparison (g/bhp-hr) 
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Note: SSDG All Points is the cycle introduced tn Table 8 of Chapter Two. 
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Figure 22: SSDG CO Prediction Comparison (g/bhp-hr) 
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Figure 23: SSDG Gaseous HC Prediction Comparison (g/bhp-hr) 
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3.4 Duty Cycle Conclusions 

The predicted emissions of the MCM-1 Class MPDE operating profile were best 
estimated by the MCM-1 MPDE Duty Cycle. While this duty cycle best matched the 
operating profile data, the amount of effort necessary to develop the MPDE duty cycle 
from review of operating logs was extensive. The LSD-41 results, using the same analysis 
method, also found that the generic duty cycles were not accurate enough when modeling 
naval ship operations”. Based on the both the LSD-41 and MCM-1 Class analyses, it 
appears that the additional effort to create a class specific duty cycle is warranted. 

A procedure for Naval engine emission certification was proposed in Markle. 
Candidate diesel engines would first pass the Navy Endurance Test, demonstrating the 
engine's ruggedness and ability to withstand demanding naval applications. Emissions 
measured dunng this 1000 hour test would be monitored for compliance with existing 
regulations. Once certified, the engine becomes available for use in a new or existing 
naval ship design. 

During the ship design process, the candidate engine may be selected. The ship's 
resistance can be predicted from aspects of the hull form and a preliminary powering curve 
produced. Using the procedure of Figure 13, the resistance data based on the hull form 
can be transformed to appropriate engine speed and load data points. The time weighting 
of these data points is based on the ship's operating profile, if known, or predicted from 
the operating profile of naval ship classes with the same pnmary mission. The candidate 
diesel engine is re-tested using the recently developed duty cycle and emissions are 
measured following ISO guidelines. The resulting emissions profile can then be included 
in the Program Manager's Environmental Impact Statement and compared to federal and 
local regulations to determine compliance. 

As of April 1995, two U.S. Navy ship classes which are powered by diesel 
engines have been studied and a rough operating profile developed. The LSD-41 Class 
Amphibious Ship, powered by medium speed diesel engines, was successfully modeled by 


*! Markle, p.101. 


By 





Markle. The MCM-1 Class Mine Countermeasures Ship, with her high speed diesel 
engines, was modeled in this report. Both efforts used the same time-intensive procedure 
of extracting operating information from ship's logs. The determination of a Naval ship 
class's operating profile could be improved through the use of automatic data collection 
systems which would tap existing control and reporting electronics. Data gathered in this 
fashion would be accurate, non-intrusive and available in a format easy to compile. The 
operating profiles could be compared to existing the generic duty cycles required by 
regulation to determine if these cycles are adequate for modeling of a naval ship class 
performing the same mission. If the generic test cycle is found inadequate (an anticipated 
result), the Navy should propose an appropriate test cycle derived from the operating 


profile for application to all ship classes with the same mission. 
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Chapter 4: Experimental Set-Up 


4.1 Discussion of Previous Work 

Environmental and maritime agencies which are being pressed to regulate marine 
diesel exhaust emissions are disadvantaged by a lack of an adequate data base in this area. 
The effects of the sea environment, the impact of unique exhaust system features due to 
the ship's geometry, and appropriate engine test cycles are still topics for discussion and 
further research. 

Lloyd's Register Engineering Services, a division of Lloyd's Register of Shipping, 
has undertaken an effort to quantify marine pollution contributions in both transient and 
steady-state operations through seaborne testing”’. It was their goal to evaluate exhaust 
emissions from a broad cross-section of the world fleet in order to provide a realistic 
assessment of the nature and magnitude of the marine pollution contnbutions. The data 
base would then be used by regulatory bodies to develop realistic emissions factors and 
encourage discussions regarding the best methods of emission reduction and control. 
Their steady-state testing was conducted on numerous commercial ships during normal 
operations. The hulls were selected to cover a broad range of ship types and included 
such vastly different vessels as bulk carriers, ferries, tankers and tugs. Emissions of NO,, 
SO,, CO, CO,, O, and hydrocarbons were collected for five operating conditions covering 
a range from idling to full power. No particulate emissions were gathered due to the 
expense associated with the collection procedure. In addition to exhaust measurements 
from the top of the stack, Lloyd's also collected the ship's heading, speed, shaft load and 
local weather conditions. Their method of measuring , while not intrusive with regard to 
the ship's mission, required great amounts of space in the area of the stacks since full sized 
NDIR (Non Dispersive Infra Red) analyzers were used. 


Their trends for CO matched the literature*”**. The CO mass specific values were 


*! Lloyd's Register Engineering Services, pg. 1-8. 


** Heywood, p 592. 
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uniformly low for all engines except at light load conditions. Figure 24 presents the 
measured CO in units of Kg/tonne of fuel plotted against engine load reported as 
percentage of the maximum continuous rating (MCR). The plots are for numerous types 
of ships propelled by diesel engines and are grouped by the range of the engine's maximum 
MCR rating. The mean mass specific emissions for 25%, 50% and 85% MCR are 
indicated by dots in the graphs. 

Figure 24: Lloyd's Register CO Results” 
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3. Ghoniem, Ahmed F., Fundamentals, Modeling and Computations in Combustion, MIT 
Class Notes, March, 1994. 


** Lloyd's Register Engineering Services, p. 13. 
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The mass specific emissions of NO, did not behave in a well defined trend. As can 
be seen in Figure 25, there was no discernable pattern of NO, concentration as a function 
of load. The most important factors associated with NO, appeared to be the engine design 
and engine age, as opposed to mode of operation or engine load*>. 


Figure 25: Lloyd's Register NO, Results* 
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Shipboard testing of marine diesels continues in the U.S. under the sponsorship of 
the U.S. Coast Guard. This is in response to the need to develop a methodology for 
accurately determining engine emissions in order to assess the impact of emissions 
reduction techniques. Their approach slightly differs from that of Lloyd's Register. The 
Coast Guard used a duty cycle based on a survey of PT boat operators and measured the 
emissions with more flexible and smaller portable emission analyzers (the small size of the 
Coast Guard platforms precluded use of multiple, firmly installed analysis equipment). 
The use of the portable analyzers allowed the emissions to be measured at the exit of the 
turbocharger vice at the exit of the stack, precluding the need for heated sampling lines. 

The Coast Guard program is ongoing. To date, the only published results are 
based on the testing of three Coast Guard PT cutters*’. Their measured NO, volume 
concentrations increase with engine load, in agreement with Heywood. Figure 26 shows 
their raw NO, test results along with a CARB normalization curve which must be applied 
to the raw data. The CARB correction factor adjusts the raw data to provide NO, 
concentrations referenced to 15% excess oxygen in the exhaust. This method of 
normalization has been found by the U.S. Coast Guard to over estimate exhaust emissions 
and will not be used for comparison purposes in this thesis. 

The testing of an LSD-41 Class Amphibious Vessel is the first accomplished on a 
large, public sector marine vehicle in the United States. It has provided the Coast Guard 
an opportunity to validate their procedures with a greater tonnage ship than 1s available in 
their inventory and adds to the growing data base of at-sea engine emissions 


measurements. 


°’ Bentz, Alan P. and Weaver, Elizabeth, Marine Diesel Exhaust Emissions Measured by 
Portable Instruments, SAE 941784, Sept, 1994, pg. 1-5. 
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Figure 26: Coast Guard PT Cutter NO, Data 
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In his 1994 thesis, Markle validated the LSD-41 Class operating profile using the 
emission contour maps of the Colt-Pielstick PC4.2B engine. The emission contour plots 
for the Colt-Pielstick PC2.5V16 diesel installed on the ships of the class are not publicly 
available. Both models of engines, the Colt-Pielstick PC4.2B and PC2.5 are medium 
speed, marine engines manufactured by the same company. Table 13 compares the two 
engines with regard to a number of features. The PC4.2B is a much larger engine, 
approaching the size of many slow speed diesels. The predicted PC4.2B emissions, 
determined through use of the LSD-41 Class duty cycle, will be used as a benchmark 
when compared to measured emissions from a PC2.5V 16 diesel engine operating at sea on 


a LSD-41 Class ship. This is the best benchmark available for the PC2.5V16 engine. 
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Table 13: Comparison of Colt-Pielstick PC4.2B and PC2.5V16 Diesel Engines” 


PC4.2B PC2.5V 





Parameter 







0 
oO RM 
9654 cubic inches 
334 psi 
894 cubic inches 
Maximum Firing Pressure 2100 psi 


Turbocharged? Yes Yes 

Intercooled? Yes Yes 
2 
4 


Rated Power per Cylinder 
Rated RPM 

Volume Displaced per Cylinder 
BMEP (rated) 

Combustion Chamber Volume 


Compression Ratio 





3° BDC 
NunberofSvekes | — 


Markle used the PC4.2B emission contour plots with generic test cycles and the 


Octagonal 





test cycle he developed from the LSD-41 Class operating profile to estimate specific 
pollutant emissions. Not surprisingly, the developed duty cycle best matched the 
emissions calculated from the LSD-41 operating profile. His results are recreated as Table 
14. These results will be compared to those measured during seaborne testing in an effort 
to provide information to support the adequacy of estimating the PC2.5 engine's emissions 


using the PC4.2 contour maps.. 


8 Interview with Angelo Mazzenga, Coltec Ind., conducted via telephone on 28 April, 
1995. 


She 


Table 14: LSD 41 Class Emission Predictions (g/bhp-hr)” 






4.2 Experimental Goals 

The goal of the experiment was to determine the NO, and CO specific emissions 
for comparison to known trends and proposed regulatory limitations. The testing was 
conducted in accordance with ISO 8178 Part 1 and 2 using operating points 
corresponding to the duty cycle developed in Markle for the LSD-41 Class Amphibious 
Ships. 

Summarized, the ISO 8178 procedures specify the measurement and evaluation 
methods for gaseous and particulate exhaust emissions for diesel engines. Part 1 of the 
document pertains to steady state measurements conducted on a test bed. Part 2 adopts 
the procedures introduced in Part 1 for site measurement, including diesels operating on 
ships at sea. Its purpose is to provide a map of an engine's emissions characteristics. 

The use of the relaxed standards of ISO 8178 Part 2 can only be justified in the 
following cases: 1) when test bed measurements are inappropriate because site conditions 
cannot be duplicated; 2) when measurement at site 1s necessary to evaluate actual 
pollution; 3) when all parties involved agree to stte measurement; and 4) if site 
measurements are being used to check the conformity of used or rebuilt engines to new 
engine standards. The use of the relaxed ISO 8178 Part 2 procedures for measurement of 
the LSD-41 Class emissions described in this report are justified by Case 2 above. 

The ISO 8178 does not specify equipment to be used in gathering data or locations 
in the machinery plant at which measurements are to be taken, but it does provide 


accuracy requirements and guidelines. The accuracy of all measuring instruments should 


*° Markle, p.95. 
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at least meet the maximum tolerance values listed in Table D-1 of Appendix D. 

The emissions can be collected in two fashions: the constant volume or the diluted 
raw stream method. The raw stream method, which is used in most portable emissions 
analyzers, involves drawing a representative sample from the exhaust flow, adding small 
amounts of ambient air, and analyzing its contents for volumetric exhaust concentrations. 
While specific analysis instrumentation are proscribed in the ISO procedures, other 
systems and analyzers are acceptable if it can be proven that they yield equivalent results. 

The ISO 8178 also provides guidance regarding the processing of raw data. All 
emission analysis methods provide the exhaust concentration as a mole concentration in 
units of parts per million (ppm) or volume percentage. These measurements have to be 
converted to a mass basis and then modified to a specific emission using the engine power 
(units of g/kW-hr or g/bhp-hr). The required data for this calculation are the molecular 
density of the pollutant, the volume concentration of the pollutant and the mass flow rate 
of the exhaust stream. 

ISO 8178 accepts four procedures for determination of the exhaust flow rate: 
direct measurement of the exhaust flow, measurement of the air and fuel flows, use of a 
full flow dilution system, or a theoretical calculation based on a carbon or oxygen balance. 
The equipment necessary to conduct an experiment is primarily driven by the selection of 
one of the four methods for determining exhaust flow rate. Due to the inability of the 
selected portable emissions analyzer to assess CO2 and gaseous hydrocarbon 
concentrations, the carbon or oxygen balance approach could not be used. Direct 
measurement of the exhaust flow was eliminated due to the high exhaust temperatures 
expected and restrictions on intrusions into the existing machinery and piping. A full flow 
dilution unit requires large amounts of space and also would have created unnecessary 
intrusions. With three of the four methods to measure the exhaust flow eliminated, 
equipment to measure the fuel and air flow rates was included in the experimental set-up. 

A detailed description of the equipment used in the experiment is provided as 
Appendix D. In summary, it consists of five functional groups: 1)in-line flow meters on 


the fuel supply and returns for each engine to measure volumetric fuel flow; 2) in-line pitot 
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tubes in the intake air piping to measure differential pressure and volumetric air flow; 3) a 
manometer and thermocouple in the vicinity of the pitot tube to calculate intake air 
density; 4) ECOM portable emissions analyzers for each exhaust stack, and 5) an 
automated data collection system for recording all of the above signals as well as engine 
RPM and shaft torque (based on signals from the ship's machinery control system). 

Additional equipment was supplied by the ship in the form of a barometer and 
psychrometer on the ship's bridge. This information was used to predict the water content 
of the incoming air. Although water flow rate is small when compared to the air and fuel 
mass flow rates, completeness required that it be included. 

The ISO 8178 also requires the recording of information which is not used in the 
emission level calculations, but is important in relating the conditions under which the 
engine was tested. These include sea conditions, fuel rack readings, days since last hull 


cleaning, etc. This supporting information is included in Appendix D. 


4.3 Experimental Constraints 

The two primary constraints on the design of the experiment were time and the 
ship's operational requirements. Despite early efforts to acquire a dedicated test platform, 
the experiment was conducted on a platform of opportunity, the USS ASHLAND 
(LSD-48). The available window corresponded with the ship's sea trial scheduled upon 
completion of a shipyard repair period and was much earlier than the test team had 
anticipated. This required substituting similar, less capable equipment available for direct 
shipment for long lead time units. The impact this had on the quality of the results was 
small with the exception of one system, the intake air pressure. This issue is discussed in 
greater detail in the trip report included as Appendix F. 

The most demanding constraint was the need to minimize interference with the 
ship's existing systems and the impact of the emissions testing on the events of the sea 
trial. The solution to these two problems will be described separately. 

Due to limitations in the amount of testing equipment on hand and the number of 


test personnel available, a decision was made to test only two of the ship's four MPDEs. 
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The selected engines were 1A and 1B, both located in Main Machinery Room #1 and 
attached to the starboard shaft. 

In order to minimize interference with ship machinery, instrumentation used 
during the ship's Acceptance Trials and Fuel Consumption trials was used whenever 
possible. The ship was designed and built to support measurement of main engine fuel 
consumption and remote monitoring of shaft torque and engine RPM. Flanged spools in 
the fuel lines were removed for installation of the turbine fuel flow meters, and the 
electronics for the other measurements were tapped directly into the control console in the 
main control room. There was a concern that the installed torsionmeter was inadequate 
for the accuracy requirements dictated in ISO 8178, so manual recording of the propeller 
pitch angle and shaft RPM was added as a secondary approach for computing the engine's 
load. 

An existing manometer connection on the exhaust piping just aft of the 
turbocharger exit was used as the entry point for the portable emissions analyzer probe. A 
valve was screwed into the NPT fitting to secure the probe in place during operations and 
block the escape of emissions into the space whenever the probe was required to be 
removed. After consulting with test engineers at Coltec, Inc., it was determined that the 
maximum exhaust temperature at this station would be 800° Fahrenheit, a temperature 
sufficiently low to preclude damage to the portable analyzer probe but adequate for ISO 
8178 test requirements. The location of the fitting was sufficiently remote to preclude any 
interference with the crew's normal operation of the engines. 

The need to measure the mass air flow presented a more difficult problem. The 
large dimensions of the intake air piping impeded installation of a hood section containing 
a flow turbine, which is the preferred approach of the Coast Guard R&D Center. A pitot 
tube was selected for installation in the vertical run of the intake piping located in the 
uptake room. Figure 27 is a sketch of this piping, indicating the lengths of pipe run 
available. To ensure fully developed turbulent air flow in the pipe, the straight distance 
below and above the installation point had to be a minimum of 1.5 times the diameter of 


the pipe. The intake piping was a non-standard size, consisting of rolled 0.12 inch thick 
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stainless steel pipe with a diameter of approximately 38 inches. The lower run, below the 
intake silencer, was selected as the best site for installation of the pitot tube. 


Figure 27: Sketch of Intake Air Piping in Uptake Room 
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Because of the inclusion of the filters and intake silencers in the combustion air 
intake piping, the density of the air in the vicinity of the pitot tube was also required to be 
measured in order for the mass flow rate of the intake air to be computed. An additional 
boss fitting was added to support a manometer and thermocouple probe. 

The position of the uptake room, in which the vertical run of pipe sketched in 
Figure 27 was located, is above and aft of Main Machinery Room #1. Access to this 
space is denied during engine operation since the exhaust piping also is routed through the 
space. This additional constraint, inaccessibility to the equipment during engine operation, 


prompted the team to record all of these signals remotely. 
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All details regarding the equipment installed are included as Appendix D. 

The test procedures for the USS ASHLAND trials are detailed in the Shipboard 
Main Propulsion Diesel Emission Test Aboard U.S. Navy LSD-41 Class Amphibious 
Ships Test Plan, Appendix E. The test was planned to be conducted in calm, deep water. 
"Deep water" is a term which is a function of the vessel's maximum cross-sectional area or 
maximum speed. The minimum water depth for negligible wave making and residual 
resistance can be calculated using equation (12) or (13)**"!: 


(Maximum Speed (ft/sec))’ 


Depth (ft) - a a. 
10 » gravi 


(12) 


OT 
Depth (ft) = 3 + Cross Sectional Area (ft) (13) 


The result with the greatest depth is used. The minimum depth for testing is 236.4 feet or 
approximately 34 fathoms. The supporting calculations are included in Appendix E. The 
weather conditions are considered calm if the significant wave height is less than 2 feet and 
the wind speed is less than 15 knots. 

Numerous test blocks including multiple speed changes were designated. Separate 
blocks were designed for each shaft configuration, one or two engines per shaft. The 
speeds were based on the duty cycle developed by Markle and are listed in Table 14. 

Each block consist of five to seven runs, each run at a specified operating point. 
The order of the speed changes in each block were randomized to minimize the effect of 
non-measurable external factors on the results. Tables 15 and 16 list the blocks for each 
shaft configuration. 


Blocks 1 through 3 were scheduled to be conducted during the midwatch (hours 


** Conversation with Douglas Griggs, Naval Surface Warfare Center, Carderock Division, 
initiated on 15 February, 1995. 
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Principles of Naval Architecture Volume II, Society of Naval Architects and Marine 
Engineers, 1988, pp.42-50. 
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between midnight and 0600) on 15 February, 1995. The need to control the ship's speed 
and heading precluded simultaneous testing with any of the ASHLAND's other sea trial 
requirements. It was felt that the midwatch would offer the longest, uninterrupted stretch 
of time which could be made available for the experiment without negatively impacting the 
length of the sea trial period. Blocks 4 through 6, with two engines per shaft, were 
scheduled for the same time period on 16 February, 1995. 


Table 15: List of Operating Points (Converted to Speeds) 
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Table 16: Run Sequence (Single Engine Per Shaft) 
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Table 17: Run Sequence (Two Engines Per Shaft) 





Note: X represents MPDE 1A or 1B. 
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All test runs within a block follow the same pattern for each operating point 
defined by an engine torque and engine speed. The run cycle begins with acceleration or 
deceleration from the previous speed to the test speed required for the current run. Once 
the engine was nearly stabilized (as determined by a constant exhaust temperature reading 
from the exhaust monitoring equipment), exhaust readings were taken every minute for a 
minimum of five minutes. During this interval, the ship maintained steady course and 
speed and limited rudder angles to less than ten degrees. At the end of the data collection, 
the ship was signalled to proceed to the next speed in the sequence. 

The machinery plant control system allows the propeller pitch and shaft RPM to be 
controlled locally in Main Control or remotely in the pilot house. During normal 
operation, the control would be resident on the bridge and the throttleman would 
constantly adjust the throttle position in an attempt to maintain speed as reported by the 
"dummy log" (a constantly updated electronic means of predicting the ship's speed over 
ground). During the experiment, throttle control was passed to Main Control and 
constant pitch percentage and shaft RPM were maintained. It was deemed more 
important to match the duty cycle operating points than the corresponding ship's speed. 

At completion of the experiment, at least fifteen NO, and CO measurements for 
each operating point were collected. These readings were accompanied by the associated 
air flow, fuel flow and engine load data necessary to convert the raw emissions data to a 


useable form. 
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Chapter 5: Analysis and Results 


5.1 Analysis Approach 

The air intake vacuum in the vicinity of the pitot tube installation was not available 
for the analysis (see Appendix F). A sensitivity calculation was performed using the most 
conservative estimate for the pressure drop in the air intake piping, based on known alarm 
set points and the engine manufacturer's predictions. It was determined that the largest 
error which could be introduced in the calculation of the dry intake air density was less 
than one percent. Based on this conclusion, the ambient air pressure was used as the total 
static pressure in determination of the dry air density. 

Volumetric air flow rate data was not available for MPDE 1B. While the MPDE 
1A pitot tube assembly performed satisfactorily, data was only available for three 
operating points (Appendix F refers). These differential pressures were converted to 


volumetric air flow rates using equation (14 ). 


P+» AP 
OME (SCHIP 128 8s Kap | (14) 
“ (T + 460) - S, 


where D is the diameter of the intake pipe in inches, 
P is the static line pressure in psia, 
71s the temperature in Fahrenheit, 
S, is the specific gravity at 60° F 
and K is a manufacturer defined flow coefficient which is a function of the 
pitot tube diameter. K= 0.757 for this application. 

Volumetric air flow rates for two additional data points, idle and full load, were 
contributed by COLTEC, Inc, the diesel engine manufacturer. Using these five points, a 
best fit curve was drawn establishing a relationship between engine brake horsepower and 
volumetric air flow rate in units of Standard Cubic Feet per Minute (SCFM). This curve is 


included as Figure 28. 
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Figure 28: Volumetric Air Flow Rate versus Engine Load 
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Validation of the measured engine parameter data was accomplished by comparing 
the measured volumetric fuel flow rate and engine brake horsepower results obtained 
during the LSD-41 Class Standardization Trials. The deviations were minor and 
confidence in the measured data is high. Best fit curves were drawn through all of the fuel 
flow rate data and a relationship between volumetric fuel flow rate (in units of gallons per 
minute) and engine load was established (Figure G-2). Supporting calculations and plots 
are included in Appendix G. 

Determination of the water content of the intake air was based on measured 
ambient and local (in the vicinity of the pitot tube) air conditions and the fact that the 
partial pressure of the water vapor should remain constant at both conditions (same water 
density in the same one cubic foot volume). The relative humidity was measured on the 
bridge, along with the atmospheric pressure. The water vapor partial pressure was 
calculated using equation (15 ): 


% Relative Humidity - -. . 100 (15) 


Ps 
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where p is the partial pressure of the water vapor and p, is the saturation pressure which is 
a function of the ambient temperature. 

At the pitot tube site, the dry bulb temperature was measured by the adjacent 
thermocouple assembly. The local pressure was determined by adding to the bridge 
barometer atmospheric pressure an additional pressure term based on the height from the 
pitot tube to the bridge wing. The dry air partial pressure at the pitot tube was computed 
from equation (16): 


P= Pp,*+P (16) 


where P denotes the total pressure and pp, 1s the partial pressure of the dry air. 
With the total pressure and the partial pressure of the water vapor available, the 


absolute humidity value can be calculated from the following equation (17 ): 


>. 18.01 -p 
28 .967 «(P-p) 


(17) 

where w denotes absolute humidity in units of lb. water vapor per Ib. dry air, 

18.01 is the molecular weight of water vapor and 28.967 is the molecular weight of dry 
air. The dry air density can be found using the Ideal Gas Law, equation (18 ): 


Ne (P-p )M 
RT 


(18) 

where R, is the universal gas constant, 7 is the air temperature and M/ is the 
molecular mass of the medium, air. The dry air density is combined with the volumetric 
air flow rate to find the intake air mass flow rate in units of kg/hr. 

The absolute humidity is used to determine the mass flow rate of the water vapor 
entrained in the intake air using equation (19). While this amount is significantly less than 


either the fuel or air flow rate, it was included in the calculation for completeness. 


Mino - Dar? © * Pay air (19) 
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The computation of the exhaust mass flow rate was carried out as outlined in 
Figure 29. While a rigorous statistical analysis could not be conducted due to the small 
number of sample data available, an attempt to check the sensitivity of the exhaust flow 
rate calculation to variations in the input data was undertaken. One standard deviation 
from the expected value was used to bound estimates for inputs values of the raw fuel 
flow, engine RPM, intake air temperature, and shaft torque data. The exhaust flow rate 
calculated with these inputs varied little from the flow rates calculated from the raw data 
averages (refer to Appendix G). Fluctuations in the raw data measurements, within one 
standard deviation, were shown to be insignificant. 


Figure 29 : Specific Emissions Analysis Flowpath 
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To compete calculation of the specific emissions, the dry CO, NO and NO, molar 
concentrations had to converted to "wet" concentrations by including the effects of 


entrained water using Equation (20 ). 


yw i( lhe 20 
ye Me Sa) es, (20) 


where x represents a mole fraction of pollutant "/". The mole fraction of water was 
obtained using equation (21 ), taken from Heywood. This equation is valid when all 
species used in the calculation have been measured with the same background moisture (in 
this case-dry). 


*CO. “CO 


ee (21) 
(xao/(K . *co,)) + | 


Xing = OS + ¥ 


where x represents the molar concentration of the gas, y is the H/C ratio of the fuel, 
(value of 1.8 fro Appendix G) and K is an empirical constant determined from exhaust gas 
composition data. Typical values range from 3.8 to 3.5%, and 3.5 was chosen for this 
calculation. Supporting calculations are included as Appendix G. 

The ECOM Portable Emission Analyzers were equipped to measure oxygen, CO, 
NO and NO, concentrations only. As the molar concentration of the carbon dioxide 
(CO,) was not measured, it had to be estimated. A carbon balance approach was 
considered inappropriate as the gaseous hydrocarbon concentrations also were not 
measured and the contribution of the fuel carbon particles to the soot could not be 
determined. An empirically based equation which provides the volume percentage of 
carbon dioxide as a function of the oxygen content was used and is presented as equation 
(22), 


0 0 O,% 
CO% - CO, %+ (1+ a (22) 





*° Heywood, p.150. 
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where the maximum CO, percentage is that which is created at stoichiometric conditions. 


The specific emissions are computed using equation (23). 


Pollutant m)e*m kelhr) + u 
Specific Emission (g/bhp -hr) - gece AGEETR ) URE aa (23) 
Engine bhp 


where the term u has units of grams of pollutant gas/kg of air and is defined by equation 
(24): 


4.615 10> (Mol/M*) » Molecular Weight (g/Mol) 


(24) 
(Kg /M *) 


P air 


The NO, specific emission was determined two different ways and compared. In 
the first, the molecular weight used in the calculation represented a weighted average of 
the combination of NO and NO,. From the literature, it was estimated that the NO, would 
comprise ten percent of the total. The calculation was repeated, computing the specific 
emissions for each individually and then summing the results. Either method offers 
possibilities for introduction of errors, yet each provided results within 5 percent of each 
other. The first method, using a weighted average molecular weight, was selected for 


presentation of the data. 


5.2 Discussion of Results 

Once the measured data was reduced and combined into useable measurements, 
additional calculations were performed to determine how the measurements compared to 
expected trends found in the literature. One of the first plots created was engine load vs 
equivalence ratio, Figure 30. This plot is important for demonstrating the adequacy of the 
fuel and air measurements upon which the specific emissions are based. The anticipated 
result is that the equivalence ratio has the greatest value at maximum Brake Mean 
Effective Pressure (BMEP). The BMEP 1s a reflection of an engine's ability to do work 
normalized by the engine size. The work per cycle is divided by the cylinder volume 


displaced per cycle as shown in equation (25): 


i 








where 7,,,1. fepresents the engine torque, V,is the displacement of all engine cylinders 
and n, is the number of crank revolutions for each power stroke per cylinder. This 
number 1s 2 for a four-stroke cycle engine, such as the PC2.5V16. Increased work output 
for a given displaced volume (larger BMEP) requires a greater energy input. The fuel 


content of the cylinder's contents must increase and the equivalence ratio increases. 


Figure 30: Equivalence Ratio versus Engine Load 
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The maximum BMEP for the LSD-41 Class MPDE is 280 psi at approximately 
5000 brake horsepower (BHP). The curve of Figure 30 is a best fit through all of the data 
points, and it gradually rises to a peak near the 5000 BHP point. The measured air flow, 
fuel flow and engine load data are considered to accurate reflections of operating 
conditions during the trials. 

The raw emissions data was collected in volumetric concentration units of parts 
per million (ppm). Figure 31 is a plot of the measured pollutant concentrations as a 
function of the engine load, characterized by the engine BMEP. 

Figure 31: NO, (ppm) versus Engine BMEP 


—@— _ All Data 
G7 Select Data 





The NO, production rate is primarily a function of combustion temperature, 
although the air/fuel ratio also affects the rate by influencing the oxygen and nitrogen 
concentrations. Equation (26) describes the rate of formation of NO, the primary 


component of NO,: 


a 


_— - K(T) [04] (NJ) (26 ) 


where bracketed terms denote volume concentration of each species and K(7) is the 
equilibrium constant for chemical equilibrium and is a function of temperature. Based on 
this relationship (equation 26), NO, ppm values are expected to increase as combustion 
temperature increases, which corresponds with increasing BMEP. Figure 31 does not 
appear to match this description. 

Two curves are plotted in Figure 31. The curve which peaks at approximately a 
BMEP value of 125 psi is a best fit curve for all of the data collected. The second curve 
(dotted line), is a plot of the data with select points removed. The points deleted are those 
corresponding to the peak of the first curve (solid line) and represent the data gained 
through ship testing at a speed of ten knots with only one engine aligned per shaft. 
Although it appears suspicious to delete all data from one operating point (single engine 
per shaft alignment at ten knots), it 1s possible that all of these operating points contain 
transient data, which will be much greater than the steady state NO, values. In all three 
blocks of runs during the experiment, the speed of ten knots was reached by decelerating 
from speeds of fifteen or seventeen knots. The higher speeds are close to maximum 
BMEP, and it is possible that insufficient time was allowed for the engine to completely 
settle at the slower speed before data was collected. 

The second curve, the dotted one, also contains revised BMEP values for the data 
corresponding to a ship speed of seventeen knots with a single engine per shaft. Review 
of the measured torque for these data points revealed that the values were approximately 
five percent lower than the torques determined during Standardization Trials. The 
measured torque values were adjusted to reflect the predicted BMEP values at this 
operating point, which is the point of maximum BMEP. Based on the BMEP revisions for 
this operating point, and the high values of BMEP calculated for the 24 knot operating 
point, the accuracy of the installed torsion meters must be questioned. 


The shape of the dotted curve does not slope gently to a maximum value 
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corresponding with the greatest BMEP. This would indicate that a phenomenon other 
than combustion temperature is influencing the rate of NO, production. The most 
acceptable explanation 1s that the air/fuel ratio is contributing to the rate of production, 
resulting in a fairly steady rate over a range of high BMEP values. It is also plausible 
that measurement variations between the two engines for the same operating point and 
variations between the data measured over separate nights is influencing the shape of the 
curves in Figure 31. The lower NO, figures at the high BMEP values correspond with 
testing of two engines at a ship's speed of 24 knots, and could be attributed to sea 
conditions or testing procedure. This theme is further developed in Appendix G. As the 
NO, ppm values do not peak at the maximum BMEP value, the results in Figure 31 
should be validated before any action is initiated in response. 

A diesel must run "lean", with more air than necessary for stoichiometric 
combustion; therefore, CO as a product of combustion is far less a concern in diesel 
engines than in spark-ignition engines. It was anticipated that levels of CO volume 
concentration data gathered would be significantly less than the NO, concentration. The 
maximum value of Figure 32 is less than one-half the minimum NO, ppm value displayed 
in Figure 31. 

A large source of the marine diesel emissions data available was collected by 
Lloyd's Register and some of the results were introduced in Chapter 4 as Figures 24 and 
25. The curves are plotted for four ranges of maximum engine Maximum Continuous 
Rating (MCR). Emissions normalized to fuel burned are plotted against the engine load as 
a percentage of the MCR. The NO, data measured during the USS ASHLAND testing 1s 
presented in this format in Figure 33. The abscissa of the plot is the engine load 
normalized as the Power Fraction verses the percentage of MCR. 

Two curves are also plotted in Figure 33. Once again, the solid curve, which peaks at a 
Power Fraction of 0.15, represents all of the measured NO, data normalized by the 
amount of fuel burned. The second curve (dotted line), which has no significant peak, is a 
plot of the data with the same selected values deleted in an attempt to smooth the curve. 


The points deleted are those corresponding to the peak of the first curve (solid line) and 


iy 


represent the data gained through ship testing at a speed of ten knots with only one 


engine aligned per shaft. 
Figure 32: CO (ppm) versus Engine BMEP 





The second curve, without the peak, does resemble the gentle sloping curves if the 
Lloyd's Register graph for engines with a MCR value greater than 4000 kW (Figure 34). 
No noticeable trend can be discerned from the curves. At this point, the conclusions from 
the Lloyd's Register testing bear repeating. NO, formation is particularly sensitive to the 
engine combustion chamber conditions, which is influenced by many factors including 
engine design, condition deterioration and age, and operating profile’. Additionally, as all 
of this testing was conducted at sea, it is possible that sea conditions are influencing the 
data. The sea conditions would include the effects of wave loading on the hull, 


maneuvering and the impact of different stack designs. Figure 33 should be accepted as 


* Lloyd's Register, pp.5,12. 
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NOx (g/Kg fuel) 





Figure 33: NO, (g/Kg fuel) versus Engine Load 
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Figure 34: Lloyd's Register NO, Results for Engines with MCR>4000 kW 
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Figure 35: CO (g/Kg fuel) versus Engine Load 
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Figure 36: Lloyd's Register CO Results for Engines with MCR>4000 kW 
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an additional data point in attempting to understand the influences these conditions have 
on the NO, emission profile. 

Similarly, Figure 35 is a plot of the measured mass specific emissions of CO as a 
function of engine load. The high values at low load conditions is apparent in the Lloyd's 
Register results as well, Figure 36. As the air flow rate on a turbocharged diesel is greatly 
affected by the engine speed, the air at the idle position may be insufficient for complete 
mixing with the fuel and create conditions in which the engine burns "rich", less air than 
necessary for stoichiometric combustion. The data was also normalized as a specific 
emission, g/bhp-hr. This is the unit of measurement in which the EPA rulemaking limits 
have been set. The proposed limits for marine engines rated at greater than 50 hP (37 
kW) are 9.2 g/kW-hr (6.86 g/bhp-hr)* for NO,. No maximum limit for CO has been 
proposed as this pollutant emission level tends to be insignificant in the larger diesel 
engines. As explained in Chapter One, diesel engines slotted for use in marine vessels will 
be required to demonstrate that their test bench emissions are below the NO, limit when 
computed as a weighted average using an appropriate duty cycle. 

An emissions contour map for the PC2.5V16 engine was not available. 

Therefore, determination of a cumulative pollutant level based on the time factors of the 
duty cycle and the measured emissions of the corresponding operating points could not be 
accomplished. This precluded direct comparison of the experiment's results with both the 
EPA cumulative limit and the cumulative estimate calculated by Markle for the PC4.2B 
engine. The NO, data collected has been plotted in units of g/bhp-hr in Figure 37 to 
provide a qualitative assessment of this engine's performance as compared to the EPA 
limit. 

Comparison of individual operating point NO, values to the EPA limit indicates 
that the LSD-41 MPDE will have difficulty meeting the new requirements. While it is 
understood that the new regulations will not be retroactive, this comparison does imply 


that the U.S. Navy needs to consider what effects the legislation will have on the current 


“+ EPA, Reducing Pollution from Marine Engines: Information on the Marine Engine Rule 
Making, p.3. 
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Navy engine certification process should public vessels be required to comply. The Navy 
may find it necessary to redirect its policy of selecting candidate engines solely on the 
basis of efficiency, maintainability and response performance. 

Table 18 allows comparison of the CO and NOX emissions at each duty cycle 
operating point for the Pielstick PC4.2B and PC2.5V engines. Despite the similarity of 
engine design, the difference in engine size has a large impact on the specific emissions. 
The PC4.2B emission contour map data points are smaller than the corresponding 
measured PC2.5 data points The much greater NO, values at low engine loads for the 
PC2.5V16 are a result of a low g/hr emission value being divided by an even smaller bhp 
value. These large values will be insignificant in determination of the cumulative weighted 


average pollutant level. 


Figure 37: NO, Specific Emissions versus Engine Load 
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A complete PC2.5V16 engine emission contour plot should be developed to 
support comparison of ISO and naval duty cycles. The significant differences between 
measured values of the PC2.5 and estimated values from the PC4.2B emissions, especially 
at light load conditions, suggests that the emission contour maps for the two engines may 
be sufficiently different as to affect the outcome of the duty cycle analysis. Although the 
author still anticipates that the naval duty cycle will still best model the ship class 


operating profile, this result should be validated with the correct emission contour map 


Table 18: Specific Emissions Comparison for Pielstick PC4.2B and PC2.5V Engines 
Model Mode 
PC4.2* RGZ.5 
Power | RPM NO, Power NO, 
= = — g/bhp-hr | g/bhp-hr | Factor | Factor | g/bhp-hr | g/bhp-hr 
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* Markle, p. 157. 
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Chapter 6: Conclusions and Recommendations 


The purpose of this thesis was two-fold: 1) to develop an operating profile for the 
high speed diesel engines on a naval combatant, and 2) to validate the U.S. Coast Guard 
Research and Development Center's procedure for measuring marine emissions at sea 
using a portable emissions analyzer. Both of these themes contribute to a larger one, 
increasing knowledge of the unique aspects of marine diesel emissions. 

Chapters Two and Three concentrated on the development of an appropriate test 
cycle for the Isotta Fraschini engines installed on the MCM-1 Class Mine Hunters. The 
resulting duty cycle was as different from that developed by Markle for the LSD-41 Class 
Amphibious Ships as are the vessels themselves. This observation serves to emphasize the 
point that not only are duty cycles developed from commercial ship operations 
inappropriate for modeling naval vessel operations, but that separate duty cycles may be 
necessary for naval ships with differing missions. 

Future EPA and international regulations will require engines to prequalify for 
emission levels by demonstrating performance on a test bed using a predetermined test 
cycle. This author recommends that the U.S. Navy continue to develop mission specific 
duty cycles for use in its own diesel engine certification program. The appropriate number 
of missions which need to be modeled have not yet been determined. On the basis of this 
thesis and Markle's work, a minimum of two can be identified: the amphibious mission 
and the mine warfare mission. One can anticipate two others, the auxiliary ship mission 
and the auxiliary small craft mission. 

The method for determining the duty cycles for each recognized mission should 
parallel the efforts of Chapters Two and Three, although the data collection efforts should 
be automated. There are numerous initiatives being discussed in Naval Sea System 
Command regarding instrumentation of a few LSD-41 Class ships as a result of similar 
recommendations offered by Markle. This effort should be extended to include all naval 
ship classes, including those propelled by gas turbine engines. Regulation of gas turbine 


engines has not been proposed, but as increased numbers of marine vessels are being 
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designed with gas turbines, it is foreseeable that regulation will follow. 

Awareness of a naval ship class duty cycle derived from its operating profile will 
also prove invaluable when trade-offs must be considered in an effort to reduce engine 
emissions. A revised operating profile can be mapped on a test bench emission contour 
plot and the results can be quantitatively compared. A quantitative assessment of the 
contributions of the operating profile to the engine's emissions is invaluable. 

As emission contour plots for neither the Pielstick PC2.5 or Isotta Fraschini 
engines were available, validation of the naval duty cycle for the LSD-41 and MCM-1 
Classes were completed using emission data for similar diesel engines. Chapters Four and 
Five document the measurement of MPDE emissions from a LSD-41 Class ship operating 
at sea. The NO, results of the experiment indicate that the actual emissions contour plot 
of the PC2.5V16 engine may be different from that of the engine used to compare the 
naval and generic duty cycles (the PC4.2B engine). It is recommended that emission 
contour plots be developed for both the Pielstick PC2.5 and Isotta Fraschini engines and 
the duty cycle comparisons be repeated. The author does not predict that the results of 
the analysis will be affected: naval duty cycles model naval ship operations much closer 
than a duty cycle developed for commercial vessels. 

The measurement of exhaust emissions from a LSD-41 Class vessel was conducted 
at sea under rushed conditions and under the leadership of a naval officer inexperienced in 
shipboard test instrumentation. Despite numerous setbacks, some very important data 
was gathered and a procedure for instrumenting and testing this ship class was 
demonstrated. 

The specific emission data gathered indicate that the emissions performance of the 
engine is inadequate to satisfy potential EPA limits. This should not be surprising as the 
PC2.5 engine was designed in the 1970's and early 1980's when the design emphasis was 
on reducing fuel consumption. 

The author also discovered that the data base of marine emission measurements is 
incomplete and that some of the included NO, data does not appear to fit known diesel 


emission trends. This occurrence cannot be easily explained and warrants further at-sea 
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testing to investigate the aspects of the marine environment which may contribute. 

Further testing of naval ships at sea may be deemed unnecessary by naval officials 
in light of the direction that EPA regulations are taking. If funding is provided to support 
at-sea testing in an attempt to build an usable data base, the author recommends that diesel 
emissions testing be incorporated into the ship's schedule to allow uninterrupted testing. 
The instrumentation plan of this thesis was designed to minimize intrusion into ship's 
systems and interference with normal machinery operation. It could easily be incorporated 
into sea trial testing, providing emissions data for every ship of the class. A quick ship 
check onboard a MCM-1 Class ship also indicated that the instrumenting could be 
accomplished in a similar fashion on that class as well. 

Deletion of the air flow rate measurement would further reduce the complexity of 
the instrumentation. A carbon or oxygen balance method for determining the exhaust 
mass flow rate would be appropriate if the portable emissions analyzer was configured to 
provide CO, and combustible concentrations. Removal of the pitot tube, thermocouples 
and vacuum transducers can be equated to adding the portable emissions analyzer to the 
instrumentation required to conduct a fuel consumption trial. Pairing of these two tests 
would lengthen the total time the tested platform must remain at sea, but would eliminate 
costs associated with conducting two separate tests. The end result is a more complete 
data base to use for validation of emission models and to incorporate into ship and engine 
performance trade-off studies. 

These trade-off studies would be best accomplished using the mission specific duty 
cycle and test bench derived emission contour maps. The use of generic duty cycles based 
on commercial ship operations for modeling of naval ship operations may lead to over- 


estimation of the pollution contributions of naval diesel engines. 
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Appendix A: Sample Logs 


This appendix contains blank sample ship log sheets representative of those 
reviewed to develop the MCM-1 Class operating profile described in Chapter 2. 
Figure A-1: Ship Deck Log Sheet 
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Appendix B: Log Review Summaries 


This appendix provides a summary of the log data reduction used to develop the MCM-1 
Class MPDE Duty Cycle. The results for each ship are presented along with the composite 
results for the class. The data of Table 6 1s also provided. 
Table B-1: MCM-1 Class Ship Data Summary 


Tass anoenr [uss crapiaron | uss wannion 


ee... - 


(Cool Down) 


Time @ Idle 2974 2155 1022 
16400 30172 20523 


The Isotta Fraschini engine does not require a warm-up period prior to being clutched to 



















the shaft unless the engine lubricating oil temperature falls below 120 degrees Fahrenheit. 
Standard operating procedures for all three engineering plants required the oil to be recirculated 
well before anticipated use. As a result, the engines rarely required a warm-up period. Any time 
an engine spent warming prior to use was combined with the time the engine spent declutched for 
cooling prior to stopping or to facilitate testing and training. 

The above data points are for steady state operations only. Data points during 
maneuvering were discarded. Maneuvering was defined, for the purposes of this analysis, as 
more than one command in a one minute time frame or any split shaft operations lasting less than 
five minutes. A test was conducted to investigate the sensitivity of the operating profile to this 


definition. 


= 





Figure B-1 is a plot of the time factors for the USS ARDENT (MCM-12) steady state 
operating profile using the above description verses the time factors for a steady state operating 
profile based on a definition of maneuvering which was more rigorous. In the more ngorous 
analysis (dubbed ARDENTx), any maneuvers of less than five minutes duration were eliminated. 
Comparison of the results indicate that frequent, short speed changes had little effect on the 
steady state operating profile. 

Also removed from the steady-state operating profile was time in which the LLPMs were 
online in place of the MPDEs. The majority of these cases occurred during minehunting 
Operations, in which the speed and course changes were rapid. This is consistent with the final 
operating profile results which indicated that the MPDEs were primarily used for high speed 
transit. 

The next four sections contain a summary spreadsheet of the time spent at each operating 
point for each MPDE of each ship. The final section is the composite data for all three ships 
studied. The following notes are attached to facilitate reading of the data: 

- The MCM-1 Class has four MPDE, numbers 1A and 1B on the starboard shaft, and 
numbers 2A and 2B on the port shaft. 

- The time values are given in minutes. 

- "n" indicates normalized values. RPM and power are normalized to the engine rated 
values (1800 RPM and 600 bhp) and time values are normalized to the total running time for a 


particular engine. 
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Figure B2: USS GLADIATOR MPDE Time Factors 
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Figure B-4: USS ARDENT MPDE Time Factors 
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Figure B-6 
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Figure B-8: Comparison Plot of MCM-1 Class MPDE Operating Profiles 
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Appendix C: MPDE an DG Emission Prediction Da 


Included in this appendix are the plots upon which the duty cycle emissions estimations 
were based. The emission contour plots upon which each duty cycle data point were 
superimposed in for the Colt-Pielstick PA4-200-VGA high speed diesel engine. This data was 
found in the August 1992 issue of Zhe Motor Ship and was normalized using the Power Fraction 
and RPM Fraction introduced in equations (9) and (10) of Chapter 3. 

Table C-1 is the emission prediction spreadsheet based on linear interpolation of the 


emission contour maps of Figures C-1 through C-11. 
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Figure C-1: MCM-1 Operating Profile (One Engine Per Shaft) 
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Figure C-2: MCM-1 Operating Profile (Two Engines per Shaft) 
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Figure C-3: MCM-1 MPDE Duty Cycle 
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Figure C-4: ISO 8178 Duty Cycle E-5 
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Figure C-5: ISO 8178 Duty Cycle E3 
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Figure C-6: CARB 8-Mode Duty Cycle 
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Figure C-7: ICOQMIA Heavy-Duty Diesel Duty Cycle 
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Figure C-8: MCM-1 SSDG Operating Points 
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Figure C-9: [SO 8178 Duty Cycle D2 
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Figure C-10: ISO 8178 Duty Cycle C-1 
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Figure C-11: MCM-1 SSDG Duty Cycle 
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Appendix D: Experimental Instrumentation 


Included in this appendix are the ISO 8178 accuracy requirements (Table D-1), 
schematics of the instrumentation set-up in both the uptake room and Main Machinery 
Room #1 (Figures D-1 and D-2, description of the instrumentation features (D-4 through 
D-16 ) and calibration data (D-17 through D-24). 

Table D-1: ISO 8178 Accuracy Requirements 


a a 
Combustion Air Inlet 3 months 
Temperature 


Fuel Temperature 2° Kelvin of Reading 
Exhaust Gas Flow 5% Max Value 












2° Kelvin of reading 
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Figure D-1: Machinery Room #1 Instrumentation Layout 
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Figure D-2: Uptake Space Instrumentation Layout 


STARBOARD 
PASSAGE WAY 


eND DECK 


MPDE 


1A 
INTAKE 


SRD DECK 


LOCATION , OF 
PRESSURE] TUBING 


AND THERMOCOUPLIE 
‘&, 


ee, 


1A 
INTAKE 


MANHOLE ACCESS 
10 UPTAKE SPACE 


TRANSDUCERS, 
METERS AND See 


DRAIN 
| Bie 18 
MMR1 


LADDER 


LOCATION OF 

PRESSURE TUBING 

AND THERMOCOUPLE 
fe 





127 


AFT BULKHEAD 


AFT BULKHEAD 


Instrumentation Description 
1) Volumetric Fuel Flow Rate: 


The fuel flow meters were supplied by the Naval Sea Systems Engineering Station 
(NAVSSES), Philadelphia. The four meters were all model number HO1X1-6-50-B-1M- 
F1SS, turbine flow meters manufactured by Hoffer, Inc. Two meters were installed per 
engine, one in the supply piping and one in the engine return fuel piping. The installation 
sites were selected to correspond with the sites used during the ship's Acceptance Tnials. 
Preselected horizontal runs had been designed to include short, easily removable sections 
of piping to support fuel measurements. The existence of these flanged spool pieces were 
adequate for the development of fully turbulent flow patterns, a requirement of the 
turbine flow meters. The use of this approach greatly eased fuel flow meter installation 
time and effort. 

The flow meters used during the experiment were of the bearing ball type, as 
opposed to a positive displacement type meter which was used during the ship's 
Acceptance Trials. Ball bearing type meters are easier to install and less bulky to 
transport. Review of Figure G-1 indicates that the measured fuel flow rates using the ball 
bearing turbine meter were equivalent to the measurement taken with the positive 
displacement meter. The small deviations can be attributed to small changes in the 
viscosity of fuel oil, fluctuations which the positive displacement meters can ignore but 
should be corrected for when using ball bearing flow meters. 


The advertised accuracy of these meters is 2% of maximum measurable value. 


2) Volumetric Intake Air Flow Rate 

The volumetric intake air flow rate was measured by installing a pitot tube into 
each engine intake piping. The differential pressure across the tube was measured by a 
separate transducer also located in the uptake room. The transducer transmitted an 
electrical signal ranging from 4 to 20 milli-amps, and correlating in a linear fashion to the 
differential pressure. As the automated data collection system (located in Main Control) 


could only receive a 0 to 5 Volt signal, a 250 Ohm resister was installed in series with the 
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signal from the pressure transducer. 

The requirements for using a pitot tube when measuring flow rate is that the flow 
must have a fully developed turbulent flow pattern. This ensures that the boundary layer 
effects due to the walls of the pipe have the smallest possible impact on the measurement. 
Because of the inaccessibility of the uptake piping, an averaging pitot tube was selected. 
To avoid resonant vibration, the ACCUTUBE model number 33T double mounted pitot 
tube was installed. due to the short lead-time on the order, a non-standard 38 inch length 
pitot tube could not be procured. The 36 inch model was substituted and a small loss in 
accuracy (up to three percent) was accepted. The fit of the tube into the intake piping 1s 
demonstrated in Figure D-3. 

Figure D-3: ACCUTUBE Installation 
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The technical requirements for the associated pressure transducers was determined 
from an estimate of maximum expected volumetric air flow rate (provided by Coltec, 
Inc.), anticipated air temperature and static pressure and the details of the transducer. 
Equation D-1 was used to determine the maximum differential pressure which the 
transducer would need to measure. With a volumetric flow rate of 26,000 SCFM at the 
high end operating point, the pressure transducer was required to cover a range from zero 
to 1.4 inches of water. An adjustable range differential pressure transducer could not be 
located within the time constraints of the experiment. Therefore, an Omega Model 
PX154-003DI was ordered, with a range of zero to 3 inches of water This transducer has 
a linear relationship between amperage and pressure, and the result was that the pitot tube 
readings only spanned half of the range. The inherent accuracy of the transducer was 1% 
of the full scale value; it is not anticipated that the mismatching of the pressure ranges 


would cause the system to greatly exceed the accuracy requirements listed in Table D-1. 


Z 
- S. » (7-460) 
AP (inchwater) - eee (D-1) 
K*? +D*.P « 16.59 


where AP denotes the pitot tube differential pressure (units of inches of water column) 
Q denotes volumetric air flow rate (units of SCFM) 
S, denotes the medium specific gravity at 60° F 
T denotes the medium temperature (units of © F) 
D denotes inner diameter of the piping 
P denotes the medium pressure (units of psia) 


and K 1s a flow coefficinet specific for each model. K=0.757 for this experiment. 


3) Intake Air Pressure 

The inclusion of a large filter assembly and an intake air silencer in the air piping 
upstream of the pitot tube location will cause restriction to the flow of air through the 
piping. These restrictions will cause a pressure loss from the ambient air pressure. Based 


on conversations with the manufacturers, the Naval Sea Systems Diesel Engine Technical 
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Code, and from review of Avondale Shipyard intake air test results’, the maximum 
pressure loss which could be anticipated on an intake system with clean air filters is four 
inches of water, vacuum. Despite the small value of the deviation from ambient pressure 
conditions, a vacuum sensor was added to the instrumentation for completeness. The 
purpose of the pressure transducer was to allow calculation of the air density based on the 
measured air pressure and temperature in the vicinity of the pitot tube. 

A 3/8 inch NPT fitting was installed in the intake piping and a 25 foot length of 
vacuum tubing was attached to one end of a tee fitting. The other end of the tubing was 
attached to the vacuum port of a current output type pressure transducer. The Omega 
Model PX141 pressure transducer has a range of zero to 1 psi. The half-bridge resistor 
circuitry creates a linear relation between voltage and vacuum. The zero to five volt signal 
was then routed to a meter which acted as both power supply for the manometer and 
amplifier for the signal. The meter box was an Omega model DP25-S Strain Gage Panel 
Meter. 

It should be noted that all signals originating in the uptake space required 
amplification due to the length of the cable run from the mouth of the uptake space (where 
the meters and power supplies were staged) through a drainpipe to the space below and 
along the rear bulkhead of Machinery Room #1 into Main Control. This routing could not 


be avoided due to the inaccessibility of the uptake space during engine operation. 


4) Intake Air Temperature 

The same fitting which supported the vacuum tubing for the intake air pressure 
vacuum measurement also acted as the foundation for a thermocouple installation. It was 
anticipated that the restrictions to the air flow through the 38 inch diameter pipe would 
cause the temperature of the intake air to mse very little over the ambient conditions. A 
Chromega-Constantan alloy, ungrounded thermocouple was selected based on predicted 
temperature ranges from freezing to less than one hundred degrees Fahrenheit. An Omega 


1 


Diesel Engines Combaustion Air and Exhaust System Test, LSD-49 Test Procedure 
3B259C401, Avondale Shipyard, Apml, 1994, pp.2-24. 
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Model GEQIN-18U-18 thermocouple was paired with an Omega MCJ Miniature Cold 
Junction Compensator to provide a milli-voltage signal linearly related to the measured 
temperature. The eighteen inch long thermocouple probe had sufficient length to extend 
into the piping and gather a representative sample from the flow. 

The voltage signal out of the ice-point compensator required amplification. David 
Taylor Research Center (DTRC) provided two Ectron Model amplifiers (Numbers 4892 
and 4893) with gains of 1000. The signal reaching the automated data collection system 


was of the correct voltage, ranging from zero to 5 Volts. 


5) Engine RPM and Shaft Torque 

The installed machinery electronic control system provides visual indications of 
important machinery control readings to a remote panel in Main Control. The signals 
which feed these indicators range from zero to 5 Volts and are related to the system 
monitored by well known, linear relationships. Two of these system were the shaft 
torsionmeter and the engine RPM indicator. The control signals for these two systems 
were tapped at the remote console in Main Control and copied directly into the automated 
data recording system. The connections were made via isolation amplifiers to preclude 
interference with the control system should power from the automated data collection 
system be lost. 

DTRC expressed some concern that the ship's installed torsionmeters may lack 
sufficient accuracy for the purposes of the experiment. The torsionmeters had been 
groomed by the manufacturer during the ship's repair availability, and he verified that the 
meters were performing well within the 5% accuracy requirements. Manual collection of 
the shaft RPM and propeller pitch angle were collected as a secondary measurement. 
These can be correlated to engine power through relationships developed from 


Standardization Trials data. 


6) Exhaust Emissions Concentration 


The ECOM Portable Emissions Analyzer was selected to determine the exhaust 


I Bi 


gas composition. The assembly consists of a probe mounted in a pistol grip, a gas cooler, 
various electrochemical cells, and a standard computer interface. The probe is installed 
directly into the exhaust stream, at a sufficient depth into the flow to ensure that a 
representative sample is drawn. Since the probe can only gather data at its tip, it is 
important that the exhaust gas be well mixed at the point of collection. The probe was 
inserted into the exhaust piping approximately two feet aft of the turbocharger exit, using 
a manometer connection fitting installed for a previous set of trials. At this location aft of 
the turbocharger, it is reasonable to assume that the exhaust remains well mixed. 

A small globe valve was screwed into the manometer fitting to support the ECOM 
probe and provide a means of isolating the exhaust gases in the event the probe was to be 
removed. This valve fit well on Engine 1B but could not be used with Engine 1A due to 
piping interferences which impeded insertion of the probe. The length of the probe 
inserted into MPDE 1A was adjusted to match that of MPDE 1B, but little could be done 
to halt exhaust blow-by while the ECOM probe was installed in MPDE 1A. 

Two models of the ECOM Portable Analyzer were used. The older model, the 
ECOM KL, was used on MPDE 1B. The ECOM S+, on loan from the manufacturer, was 
applied to MPDE 1A. Both of the sensors measured the same exhaust constituents, using 
the same electrochemical processes. The primary differences between the two units were 
the computer interfaces, the user interface, and the method for drying the exhaust sample 
gas. 

Both ECOM units were set to measure CO, NO, NO, O, exhaust temperature and 
room temperature. The exhaust gas was drawn into the unit via the probe and a short run 
of tubing. For this experiment, the distance between the probe and the analysis unit could 
be kept to less than five feet. Due to the high exhaust temperatures and short run of 
tubing, condensation in the sample line was not anticipated and a heated sample line was 
unnecessary. 

The internal working of the ECOM analyzer is standard. A small fraction of the 
engine exhaust is drawn off into the sample line. It is passed through the gas cooler which 


condenses and separates any entrained water vapor. The dry sample is then routed to two 
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different types of sensors, the oxygen sensor and the toxic sensors. The oxygen sensor 
can be compared to a metal-air battery. The metal in the sensor is oxidized by the oxygen 
of the exhaust stream. The maximum signal is created for ambient air (21% oxygen 
content); the signal decreases with lower oxygen concentrations. 

The toxic sensors consist of the CO, NO and NO, sensors, which can selectively 
react chemically with a particular gas component in a predictable manner. These sensors 
have both a measurement reaction (oxidation) and counter reaction (usually reduction). 
The reference electrode maintains constant conditions in the cell. An auxiliary electrode is 
included to compensate for large cross-sensibilities. 

The ECOM units are calibrated by adjusting the electrical signal to a known 
chemical composition. Small canisters holding the calibration gases for the ECOMs were 
transported aboard. The calibration gases can be considered inert due to the low 
concentrations at which calibration is performed (1000 ppm CO, 1010 ppm NO, and 550 
ppm NO,). 

In addition to the exhaust composition, the ECOM unit also provides ambient air 
and exhaust gas temperature readings. The exhaust temperature was monitored between 
speed changes in an attempt to gauge when the engine had reached steady state operating 
conditions. 

The ECOM Portable Analyzers have been approved by the EPA as adequate for 
determination of exhaust gas constituents based on demonstrations conducted by the 
manufacturer. While not a NDIR (Non Dispersive Infra Red) type analyzer required by 


ISO 8178, it can be considered equivalent. 


7) Ambient Air Pressure, Temperature and Relative Humidity 

A hand-held dry bulb temperature/relative humidity meter was procured prior to 
testing, but it was received too late to calibrate it against national standards approved 
instrumentation. It was held as a back-up system, while a psychrometer permanently 
installed on the ship's bridge was utilized during the experiment. The psychrometer 


provided both the bridge level temperature and relative humidity, which was converted to 
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provided both the bridge level temperature and relative humidity, which was converted to partial 
water vapor pressure using the approach described in Section 4-4. 

The bridge level pressure was gathered from the ship's installed barometer. These 
readings were adjusted to the approximate height of the pitot assembly above the ship's baseline, 
and the adjusted dry air pressure calculated. 

These readings were taken hourly along with sea and wind direction and strength. 


Figures D-4 through D-11 are photographs taken with a 35mm camera and speed 200 film. Each 
component of the installation is displayed, and an attempt to demonstrate the tightness of many of 


the working spaces in the area of the installation is undertaken. 


Figure D-4: Distant View of Fuel Flow Meter (MPDE 1A Supply) 


ae 
anne 
. a 
*~ um paete 6s5 ee 








135 


Figure D-5: Close View of Fuel Flow Meters (MPDE 1A Supply and 1B Return) 





136 








Figure D-6: Uptake Space Entry (From Inside Space) 
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Near and Distance Views of Pitot Tube (MPDE 1B Intake) 


Figure D-8 
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Figure D-9: Thermocouple and Pressure Transducer Tubing (MPDE 1A Intake) 
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Figure D-11: Valve and ECOM Probe Being Positioned (MPDE 1B Exhaust Piping) 
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Calibration Information 

All instrumentation was shipped with calibration data. This was verified 
independently for the pitot tube pressure transducer, the thermocouple and ice point 
compensators and the ECTRON amplifiers. The calibration data for the fuel flow meters 
was provided by NAVSSES, Philadelphia. 

Figure D-12 is the calibration curves for for the Omega Model PX154-003DI 
pressure transducers (used in conjunction with the pitot tubes to measure intake air 
volumetric flow rates). Figures D-13 ia a sketch of the calibration set-up . Table D-2 
provides the calibration slopes and intercepts. 

Figure D-12 : Pressure Transducer Calibration Curve 


Calibration Plot for 1B 
Pressure Transducer 


Voltage (Volts) 


Pressure (psl) 


Calibration Plot of 1A 
Pressure transducer 


al 
$7 


4 + 





2 + 
0 — 1 
) 0.05 0.1 0.16 


Pressure (psi) 





14] 





Table D-2: Pressure Transducer Calibration Information 


The pressure transducer calibration was repeated for the 1B unit with the leads 










swapped so that the high pressure signal was introduced to the low pressure port. The 
unit repsond with a negative slope for a few pressures, but then steadied out to a constant 
value despite the increasing pressure signal. It is believed that the low pressure port was 
designed to handle only a limited range of pressure, and that this range was exceeded 
during the LSD-48 testing. The differential air intake pressure across MPDE 1B's pitot 
tube could be salvaged. 

The Calibration Curve for the ECTRON amplifiers is provided as Figure D-14 . 
The thermocouple and ice point compensators calibration plots are included as Figure D- 
15. Figures D-16 through D-17 are the calibration curves for the fuel flowmeters. The 


nonlinearity of the K-factor at low frequencies did not effect the experiment's data. 


Figure D-14 : ECTRON Amplifier Calibration Curves 
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Figure D-15 : Thermocouple Calibration Curves 
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Table D-3: Calibration Constants for Thermocouples and Amplifiers 


The calibration of the ECOM Portable Analyzers was conducted at the U.S. Coast 







Guard Research and Development Center prior to departing for sea trials. Additional 
gases were brought to repeat the calibration prior to testing. The amount of calibration 
gas brought was found to be inadequate, therefore the calibration of the instruments was 
checked upon return to the R&D Center. The results are summarized in Table C-4. They 
indicate that some of the sensors had drifted out of calibration. The point in the 


experiment at which the dnft occurred cannot be determined. 
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Table D- 4: ECOM Analyzer Calibration Data 


Pollutant Calibration Gas ECOM KL ECOM S+ 
Concentration (ppm) Concentration (ppm) | Concentration (ppm) 





The impact of the calibrations on the usefulness of the data has been discussed in 


Chapter 5. 
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Figure D-16 : Engine 1A Supply and Return Fuel Flow Meter Calibration Plot 
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Figure D-17: Engine 1B Supply and Return Fuel Flow Meter Calibration Plot 
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Appendix E: Test Plan 


Attached is the Test Plan which served as guidance throughout the experiment. At 
conclusion of the test plan are the calculations for the minimum water depths to preclude 
shallow water effects and increased drag. 
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TEST PLAN FOR 


SHIPBOARD MAIN PROPULSION DIESEL EMISSION TEST 
ABOARD U.S. NAVY LSD-41 CLASS AMPHIBIOUS SHIPS 


Prepared by 
LT A.M. Mayeaux, USN 
Ocean Engineering Department 


Massachusetts Institute of Technology 
Cambridge Massachusetts 


February 1995 
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SECTION 1 - General Information 
1.1 Proposed Tests 


This protocol describes testing to be conducted on an U.S. Navy LSD-41 Class 
amphibious ship, the USS ASHLAND (LSD-48), in order to determine the exhaust 
emissions from a pair of main propulsion diesel engines. The experiment will cover only 
steady state operations; no transients will be tested. The operating points at which the test 
will be conducted have been predetermined from an analysis of six months worth of 
operational data from four sister ships in the class. Various engine characteristics will be 
measured to support calculations. These include fuel consumption, inlet air flow rate, 
shaft RPM (SRPM) and shaft torque. The constituents of the exhaust will be measured 
for each operating point. 

This test plan is comparable to one used for measuring exhaust emission aboard 
U.S. Coast Guard cutters in 1993. MAR, Inc. wrote the protocol for the experiments and 
analyzed the results (See Reference (a)). The Coast Guard procedure was based on ISO 
8178 requirements. Likewise, the procedures of ISO 8178 will be incorporated in this test 
plan wherever practical. 


1.2 Test Objectives 


The primary objective of these tests is to validate an engine emissions model 
developed previously at MIT. Ifthe model is successfully validated, it will be possible to 
accurately predict cumulative engine emissions without requiring outfitting of the exhaust 
system with monitoring equipment. The testing will provide a single emission value for 
each pollutant of interest as a weighted average of the measured mean value at each 
operating point for the engine. The model also yields a cumulative average value for each 
pollutant of interest which can be compared to the experimental results. Validation of the 
model will provide the U.S. Navy flexibility in determining how best to meet Clean Air 
Act emission standards while maintaining operational effectiveness. 

The model 1s based on research completed by LT Steve Markle, USN in 1994 
while assigned as a graduate student at MIT. His analysis (Reference (b)) provides the 
weighted operating points that will be used during testing of the ship's engines. The single 
emission values for pollutants of interest derived from this testing can be compared to 
theoretical values based on various other duty cycles to support discussion of the validity 
of using ISO derived duty cycles for emission testing of U.S. Navy ships. 


1.3 References 


a. Goodwin, Michael J., Experimental Design on Marine Exhaust Emissions, 
Prepared by MAR, Inc., Rockville, Maryland, for U.S. Department of 


Transportation, U.S. Coast Guard Research and Development Center, October 
1994. 
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b. Markle, Stephen P., Development of Naval Diesel Engine D les for Air 


Exhaust Emission Environmental Impact Analysis, Massachusetts Institute of 
Technology Thesis Submittal, Cambridge, MA, May 1994. 


C. ISO/DP 8178-1 RIC Engines - Exhaust Emission Measurements; Part 1: Test 
Bed Measurement of Gaseous and Particulate Exhaust Emissions from RIC 
Engines. 

d. ISO/DP 8178-2 RIC Engines - Exhaust Emission Measurements; Part 2: At Site 


Measurement of Gaseous and Particulate Exhaust Emissions from RIC Engines - 
Special Requirements for using ISO 8178-1 at site. 


1.4 Location, Time and Duration of Tests 
Location - Aboard LSD-48 USS ASHLAND, Norfolk VA 


Time - 14 through 16 FEB 1995 





Duration - Testing will be conducted in conjunction with scheduled sea trials following a 
Phased Maintenance Availability. All instrumentation will be installed during the two 
days prior to the trials. All testing will be accomplished in designated time slots during the 
three day trial period. 


1.5 Test Preparations 
Crew Training - No additional crew training is required. 


Prior Tests Required - Simultaneous recording of emissions from two main propulsion 
engines requires the use of two portable emission collection and analysis systems (the 
ECOM-RD portable emission analyzer will be used). Testing to compare the accuracy of 
the two different ECOM instruments which will be used was attempted at the Coast Guard 
R&D Center. This testing did not provide conclusive results, but the instruments were 
judged to be sufficiently similar. The arrangement of the exhaust probe and sampling line 
will be validated during calibration to ensure adequate flow of exhaust gases to the 
analysis unit. The physical arrangement and response of the air flow meter (a pitot tube) 
must be verified. 


Facilities and Resources Required - Receipt of shipped equipment and transportation to 
the ship will be arranged through SUPSHIP PORTSMOUTH and Metro Marine, Inc. 


Personnel Required - As most measuring devices will be connected to a data gathering 
computer program, only three Coast Guard R&D Center test personnel will be required to 
collect emissions data and tend the test equipment. Both DTRC and NAVSSES will 
provide one technician to support pertinent equipment. 
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Test Equipment, Applied Instrumentation and Data Recording Equipment - The test 


equipment required is discussed in Section 1.6 of this report. Equipment accuracy 
requirements are specified in Reference (d) Section 7.3 unless otherwise stated. 


1.6 Methods of Measurements 


The measurement methods proposed below must be shown to demonstrate the 
accuracy requirements imposed by References (c) and (d). 


The following measurements will be used in the calculations: 


Shaft RPM - The installed shaft tachometer will be used. This data shall be recorded 
continuously during each test cycle via a signal from the local operating console. All shaft 
RPM must remain within 2 percent of the nominal shaft RPM chosen for the operating 
point. Engine speed is proportional to shaft speed for mechanically coupled engines. 


Shaft Torque - The installed shaft torsionmeter and a continuous recording signal will be 
used. The accuracy of these torsionmeters has been questioned and the measurements 
may need to be verified. This may be accomplished based on Standardization Trial results 
and measured shaft RPM and propeller pitch angles. In order to provide this redundant 
torque data, all three signals, (shaft torque, shaft RPM and propeller pitch) will be copied 
from the operation console. 


Fuel Consumption - The exhaust flow rate cannot be accurately measured. Therefore, 
exact measurements (within 3%) of the fuel used in the engine are required. Turbine flow 
meters, manufactured and calibrated by NAVSESS, will be installed in both engine supply 
and return lines. These meters can be electronically connected to data processing 
equipment to provide a continuous reading. 


Air Pressure at the Intake - A hand-held barometer, supplied by Coast Guard R&D, will 
be used to measure the air pressure in the intake filter room. This is a periodic reading 
recorded at least hourly but not required to be repeated with every operating point. 


Air Temperature at Intake - A thermometer, supplied by the ship, will be hung without 
obstruction in the air filter room. This also is a periodic reading that should be taken when 
the air pressure at the intake is measured. 


Absolute Air Humidity at Intake - A psychrometer (or equivalent) shall be provided and 
operated by qualified Coast Guard R&D personnel to measure the humidity in the intake 


filter room. This measurement should be taken in conjunction with recording of the filter 
room air pressure and temperature. All three of these measurements will be used to 
compute the dry air mass and exhaust mass flow rate. 
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Fuel Oil Sample - A sample of the fuel used during the test has been drawn. A sufficient 
representative sample, approximately one liter, was submitted for constituent and fuel 
properties analysis. Samples will be drawn whenever a significant variation in the type or 
quality of fuel is anticipated. 


Exhaust Gases - The methods for measuring exhaust gases are discussed in Reference (c). 
The ECOM-RD Portable Emissions Analyzer (both the KI and the S+ models) will be 
used. The sampling probe will be installed into the exhaust piping just downstream of the 
turbocharger. Exhaust gas concentrations of CO, NO, NO,, SO, , O, will be measured 
with the engine at a steady condition. The Excess Air reading, CO, level and total NO, 
are then calculated. 


Exhaust Temperature - Exhaust temperature will be measured using the installed 
thermocouple on the exhaust gas analyzer. 


Inlet Air Volumetric Flow Rate - A pitot tube will be installed in an appropnate straight 
run of inlet air piping to support measurement of the inlet air volumetric flow rate. This 
reading, in conjunction with the fuel flow rate and calculated air density, determines the 
exhaust mass flow rate. 


Inlet Air Pressure - An installed manometer will be used to determine the vacuum at the 
point where the volumetric flow is measured. This reading is used to calculate the dry air 
density and absolute humidity of the inlet air. 


Inlet Air Temperature - An installed thermocouple will be used to determine the 
temperature of the inlet air at the same point where the volumetric flow is measured. This 
reading is used to determine the inlet air mass flow rate. 


The following measurements will be used to verify the testing conditions: 


Coolant Inlet Temperature - The temperature of the primary engine coolant entering the 
engine will be recorded from the installed temperature gages. The cooling water 
temperature should not vary widely once the engine is properly warmed up. Data from 
the Engineering Department operating logs may be copied to show hourly changes 
occurring during the day's testing. These comments also apply to the engine coolant 
outlet temperature. 


Coolant Outlet Temperature - The temperature of the primary engine coolant leaving the 
engine will be recorded from the installed temperature gage. 


Lubricating Oil Inlet Temperature - The inlet temperature of the lubricating oil to the 
engine will be measured using installed temperature gages. The oil temperature should not 


vary widely once the engine is properly warmed up. Data from the Engineering 
Department operating logs may be copied to show hourly changes occurring during the 
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day's testing. These comments also apply to the lubricating oil outlet temperature. 


Lubricating Oil Outlet Temperature - The outlet temperature of the lubricating oil to the 
engine will be measured using installed temperature gages. 


Draft Readings Fore and Aft - Draft reading will be calculated by the ship's DCA at the 
beginning and end of each day of testing. 


Relative Wind Speed and Direction - The ship's bridge watch will record data from the 
installed anemometer at least hourly during testing. 


Significant Wave Height and Direction - An experienced crew member will record visual 
observations periodically during testing. Significant changes in the sea condition must be 


recorded and the ship maneuvered as possible to minimize the sea effects. 


Water Depth - An average depth in the test area may be recorded if all testing is 
performed in deep water (defined in Section 2.1). The depths of the proposed operating 
area are sufficiently deep to preclude hourly fathometer readings. 


The following measurements will be included with the results of the testing. These 
variables will be important for further analysis of the data. 


Reduction Gear Make, Model and Serial Number - Record from reduction gear 
nameplate. 


Engine Make, Model and Serial Number - Record from each engine nameplate. 


Engine Injector Size and Timing - Data to be provided by ship's force. 


Fuel Rack Position - Fuel Rack Position can be read from the installed engine scale. 
Shipboard personnel will be asked to provide baseline data and Coast Guard R&D 
personnel will record these readings during the last three minutes of steady state interval. 


Propeller Type (Number of Blades, Diameter, Pitch, Developed Area Ratio) - This 


information is obtained from ship's force or the appropriate planning yard. 


Date of Last Drydocking or Hull Cleaning - The date of the last hull cleaning will be 
provided by ship's force. 


Lubricating Oil Specifications or Sample - The type of lubricating oil used will be 


ascertained from ship's force. Notes shall be taken on the time since the last oil change. If 
there is an uncertainty regarding the type or quality of lubricating oil, it must be submitted 
for NOAP (Navy Oil Analysis Program) sampling.. 
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1.7 Hardware Configuration 


The following configuration change to the machinery plant is required: A five 
square inch stainless steel plate with a NPT fitting must be welded into the air intake 
piping to support measurements of the inlet volumetric flow rate. A total of two fittings 
will be installed, one for each engine in Machinery Room Number One. Additionally, a 
one half inch NPT fitting per uptake must be installed in the vicinity of the previously 
described fitting to support a manometer/thermocouple. 


1.8 Data Sheets 

As a result of concurrent testing with DTRC, an automatic data collection system 
will be available. Appropriate data sheets will be provided to record all data which is not 
automatically collected. These are included as Attachment "A". (not included) 


1.9 Pre-Operational Checklists 


The following items should be checked before leaving for the operating area: 


Essential shipboard equipment is operational. 

Pertinent shipboard gages are calibrated. 

- Drafts fore and aft are recorded. 

- Depth at proposed operating area 1s satisfactory. 

- Sea conditions in operating area are acceptable 

- All test instrumentation 1s installed and is operational. 

- Sufficient recording media are on board. 

- Tests personnel are trained and know their jobs. 

- Ship's crew has been briefed on the test to be performed. 


1.10 Concurrent testing 


The incorporation of the diesel emissions testing into the ship's Sea Trial agenda 
must be carefully thought through. The full schedule of the trial may offer few windows 
for testing team to conduct their analysis in the manner originally planned. Co-ordination 
and compromises in completing the test agenda is mandatory.. 


1.11 Approvals, Authorities and Responsibilities 


During testing, the ship will be operated by its normal crew. Test instrumentation 
will be installed by Coast Guard R&D Center personnel with some assistance from the 
crew. Data recording 1s the responsibility of the R&D Center and DTRC test personnel. 
They may request assistance from ship's force for individual items of data as discussed in 
Section 1.6 of this report. 
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SECTION 2 Testing Procedure 
2.1 Test Description 


These test are planned as steady state tests in calm, deep water. While testing 
conditions may require deviation from ideal test conditions in order to expedite the testing, 
every effort should be made to remain close to ideal conditions. "Deep water" is a term 
which is a function of the vessel's maximum cross-sectional area or maximum speed. The 
minimum water depth for negligible wave making and residual resistance can be calculated 
using the following equation: 


(Maximum Speed (filsec))’ 


Depth (fi) - 010 + ¢ 


Or 


Depth (ft) = 3 + ¥Cross Sectional Area (ft 7) 


The result with the greatest depth is used. This value is 179.0 feet or approximately 26 
fathoms. The depth of the operating area to be transitted during Sea Trials will be verified 
prior to leaving port. The calculations are included as Attachment "B". 

The tests should be conducted with a minimum of wind and wave action. The 
conditions may be considered "calm" if the significant wave height is less than 0.6 meters 
(2 feet) and the wind speed 1s less than 15 knots. Whenever possible, the test should be 
run with the seas on the ship's beam, especially in high wave conditions. All runs must be 
made in the same relative direction in the wind and waves. It is recognized that the ship 
may be limited in it's ability to order the required headings due to limitations in operating 
space. 

Tests shall be conducted at five speeds with one engine per shaft and at seven 
speeds with two engines per shaft. The speeds have already been selected and are based 
on a duty cycle developed from an analysis of similar ships' operational logs. Each speed 
is weighted to reflect the percent of time it is estimated that the vessel operates at or near 
the operating point. These weights will be used to determine the single number estimate 
of the LSD-41 main propulsion diesel engine emissions. Table E-1 contains a summary of 
this data as presented in Reference (b). 

Five or seven test runs, one at each operating point and dependent on plant 
configuration, constitutes a block of runs. For example: one block of runs when 
configured for one engine per shaft would contain data from five speeds (Idle, 5 knots, 10 
knots 15 knots and 17 knots). Data will be collected by repeating each block of runs four 
times in order to obtain a better estimate of the average amount of emissions at each 
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operating point. The order of the speed changes (runs) within each block will be random. 
Requiring each block to possess a different run order will help to ensure that non- 
measurable external factors will have no effect on the results. 

The mean emission rate for each engine and each pollutant of interest will be 
determined by averaging the four emission readings gathered for each operating point. 
The confidence interval on the mean values will also be estimated from the data. The 
mean emission values for each engine will be summed to find the total plant emission 
figure for each combination of pollutant and operating point. Finally, the weighting 
factors will be multiplied by the individual operating point emission level and the results 
summed over all twelve (five for single engine per shaft tests and seven for two engines 
per shaft tests) operating points to determine a single, cumulative emission level for each 
pollutant. 


Table E-1: List of Operating Points* (Converted to Speeds) 


Ship Speed | Engines Propeller Shaft | Time 
(knots) per Shaft | Pitch % RPM | Factor 
ajo fo 





* An operating point is a specific engine power and speed rating. 
** May be incorporated with Mode 6 if ship indicates that in their opinion seventeen 
knots on two engines only is excessive. 


In anticipation of proposed EPA legislation, one additional emission measurement 
will be taken on each engine at the end of each block of runs. The engine will be 
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operating at rated power and speed for these measurements. 
2.2 Test Procedure 


This section discusses the procedures for an individual test run. All test runs 
within a block are identical except for the engine speed and torque associated with each 
operating point. 

The run cycle begins with acceleration or deceleration from the previous speed to 
the test speed required for the current run. Once the engine is nearly stabilized (as 
determined by a constant efficiency reading from the exhaust monitoring equipment), five 
exhaust readings are taken. During this interval, the ship should maintain steady course 
and speed and limit rudder angles to less than ten degrees. At the end of the data 
collection, the ship will proceed on to the next speed in the sequence. 

Data recording for torque, RPM and air volumetric flow will begin at the start of 
each run cycle and continues to the end. Breaks in the testing may be made between runs 
to change recording media as necessary. Key points in the sequence of runs must be 
indicated. These include changes in speed, the start of the steady state run and the data 
collection interval. Periodic measurements will be taken as discussed in Section 2.4. The 
start and stop times for each speed run will be recorded as well as the time of each speed 
change. A convenient run number is assigned to each run for later reference. 


2.3 Test Schedule 


Table E-2 provides twenty random orders for test runs for the single plant per 
shaft configuration. This is out of a total of 120 possible combinations. Table E-3 
provides a similar sampling for the two engines per shaft configuration. To use either 
table, four column numbers should be chosen blindly and the run orders for the chosen 
columns used for the testing. The numbers in Table E-2 designate operating points from 
the lowest (1) to the highest (5). Table E-3 designates two additional operating points (6) 
and (7). 


Table E-2: Random Run Orders for Single Engine Configuration 


2/3 |4 15 Q |S (2 UPS U2) |e Ge a A) | 2 
2/3 |4 15 |6 [7 ee 
Ste 1 


3 





: 
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Table E-3: Random Run Orders for Dual Engine Configurations 


lie 2 joer 15 i ee le ete Td ele dl 12 
O11 {2 {3 |4 [5 [6 [7 |8 79 10 
Omi 2 |6 | 7 eee eS PS 2. 4 
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All runs in a block must be completed before proceeding to runs in the next block. 
This ensures that a maximum of useable data is available should the testing end early. 

All runs testing the same engine and configuration should be made on the same day 
in as nearly identical conditions as possible. Each run is estimated to take twenty to 
twenty-five minutes (due to time for the engine to steady after speed changes). For the 
single engine per shaft configuration, all fifteen runs can be completed in approximately six 
hours. For the dual engine per shaft configuration, all twenty-one runs should take ten 
hours to complete. 

Attachment "C" details the order in which each block of runs will be completed. 
(not included) 


2.4 Data to be Recorded 


Continuous data collected: 
- Shaft RPM 
- Shaft torque 
- Fuel consumption 
- Air volumetric flow rate 
- Exhaust gas elements 
- Exhaust gas temperature 
- Inlet Air Vacuum 
- Inlet Air Temperature 


Collected by ship's force: 
- Relative wind speed and direction 
- Water depth (if necessary) 
- Significant wave height and direction 
- Draft fore and aft 
- Coolant and lubricating oil inlet and outlet temperatures 
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Other required periodic measurements: 


- Pressure of intake air at filter room 

- Temperature of intake air at filter room 

- Absolute humidity reading at inlet filter room 
- Engine rack positions 


2.5 Data Analysis 


During the tests, measurements are made of the exhaust gas components in the 
exhaust. In order to calculate the total amount of emissions, the exhaust mass flow must 
be determined. The density of the intake air at the volumetric flow meter will be 
calculated to provide the inlet air mass flow rate. The fuel mass flow rate will be 
computed from the fuel meter data and measured fuel density. These flow rates combine 
globally to provide the exhaust mass flow rate according to the Law of Mass 
Conservation. The method detailed in Appendix A.1 of Reference (c) shall be used as a 
secondary method. This is a carbon balance method based on the flow rate of fuel, the 
components in the fuel, and the measured exhaust concentrations. This analysis must be 
conducted on each engine for each test run. The resulting emissions in grams/hour are 
computed from the emissions concentrations (ppm) and the exhaust mass flow rate 
(kg/hr). The emissions in units of grams/hr are used in all following calculations. 

One or more plots will be prepared comparing the relationship between shaft RPM 
and shaft torque (Nm) and emission rates of CO, NO, NO, , SO, , O, and hydrocarbons. 
These plots will show the mean value of each dependent variable and the 95 percent 
confidence interval for each mean value. 

The test procedure should eliminate any wide variations in the data. If wide 
variations are noted, the inconsistent data points should be investigated further. If it is 
unlikely that the data points have come from the same population as the other data (in a 
Statistical sense), the outlying data should be eliminated from the analysis. 

The single emission number for each pollutant is calculated using the following 
formula: 


Emission Number -> (Weighting Factor > Mean Value ) 


Yhe results in units of gram/hr for each pollutant can then easily be compared to 
theoretical cumulative levels developed from the LSD-41 Class duty cycle model, the ISO 
derived duty cycles and the regulated limits. 
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Appendix F;_ Trial Report 
This Appendix is comprised of three sections: 1) the Trip report, which discusses 


deviations from the Test Plan (162-166), 2) sample raw data files (167-169) and 3) 
required supporting documentation of the testing (170-180). 
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Trip Report in Support a LSD-41 Class Amphibi hi 
Main Propulsion Diesel Exhaust Emission Testing 


General Information: The test platform was the USS ASHLAND (LSD-41), located in 
Norfolk, Virginia. The testing was held in conjunction with previously scheduled sea 
trials to close a private contract repair availability. The dates were 14 to 16 February, 
1995. The testing team consisted of representatives from the U.S. Coast Guard Research 
and Development Center, the NUSW, Carderock (David Taylor Research Center) Ship 
Testing Division, the Naval Sea Systems Engineering Station, Philadelphia Test 
instrumentation Division, and the Naval Engineering Graduate Office at the Massachussets 


Institute of Technology. 


Ship Visits: The first ship check was conducted in October, 1994 on a sister ship, the 
USS GUNSTON HALL (LSD-44). Instrumentation was selected on the basis of 
information gathered during this visit. A second ship check was conducted 31 January-01 
February, 1995 aboard the USS ASHLAND. The fit-up of some of the instrumentation 


was verified during this visit and the test procedure was introduced to ship personnel. 


Installation: The installation was accomplished in two steps. The pitot tube support 
fixtures were installed in both 1A and 1B MPDE Air Intake piping by NORSHIPCO, the 
private contractor already performing repair work on the ship under contract with 
Supervisor of Shipbuilding, Portsmouth (SUPSHIP Portsmouth). The contractor also 
installed the fitting to support the pressure tubing and thermocouple. 

All other instrumentation was installed by the test team upon arrival on 12 Feb, 
1995. Significant delays were encountered. Equipment which had been shipped previous 
to the team's arrival could not be located initially. This resulted in a half day lost effort. 
Additionally, the ship had not completed all main engine testing prior to the team's arrival. 
The installation work in the uptakes could only be accomplished on the back-shift, which 


proved to be very inefficient. 
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The result was an incomplete installation of the intake air vacuum testing system. 
The interface between the pressure transducer and meter/amplifier was never corrected 
and this reading was abandoned. The delays also precluded testing the engines inport 
prior to the scheduled departure from the pier. This testing was not accomplished due to 
lack of experience on the part of the team leader (who failed to insist on it) and a lack of 
energy in the test team in general. Once underway, and unable to secure the engines and 
enter the uptake space (due to gas-free concerns), it was discovered that the pitot tube 
pressure transducer for 1B MPDE was responding erratically. It was suspected that the 
vacuum tubes leading from the tube to the differential pressure transducer were switched, 
and this was verified upon returning to port. As the 1B pitot tube presure transducer was 
found to be inoperable when connected in the reverse direction. 

The signal from the two thermocouple assemblies were radically different during 
calibration. The thermocouples, with ice-point compensators, were checked using an ice 
bath and the voltages were satisfactory. Predicting the error lay in the amplifiers, the 
predicted settings were recorded to be later compared to test bench readings in the 
laboratory. 

The calibration of only one of the ECOM instruments could be verified. The 
portable calibration gas cylinders held a smaller volume of gas than anticipated and the 
ECOM S+ was not verified. The team attempted to use the ECOM KL, the calibrated 
portable emissions analyzer, to the maximum extent possible. 

Despite the rushed set-up, all instrumentation with the exceptions mentioned above 


performed superbly. 


Testing: The ship had generously scheduled eighteen hours of a fifty hour sea trial to 
support the emissions testing. The first six hours were slotted for Blocks #1 through #3 
(See Appendix E: Test Plan). MPDE 1A suffered a casualty to the lubricating oil filter 
canisters during the afternoon hours of 14 February, MPDE 1B became the primary test 
engine for the single engine per shaft testing despite concerns regarding the volumetric 


airflow measurement on this engine. 
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Blocks #1 through #3 were conducted as planned. The results were difficult to 
compare during collection, but it was noted upon review the next morning that the shaft 
torques were not kept equal during testing. The impact this would have on the results 
were unknown, but two additional single engine per shaft alignment runs were planned. 
These were to be conducted at 15 and 17 knots with particular attention paid to equalizing 


the load on both shafts. 


Some excessive cooling of the exhaust sample lines from the probe to the portable 
analyzer was experienced. It was attributed to the draping of the sample tubing over 
ventilation ducts, which were forcing air cooling than the ambient space temperature of 
approximately 85° Fahrenheit into the machinery room. The sampling lines were isolated 
to the greatest extent possible and a decision to employ heated sample lines for all further 
testing was reached. 

The sea conditions were perfect for the first night of testing. The winds were 
relatively low and sea state one was reported. The temperature was slightly above 
freezing and the relative humidity was moderate. All runs were conducted on 

Blocks #4 through #6 required a plant alignment with two engines per shaft. This 
testing could not be accomplished until repairs were completed on MPDE 1A. 
Unfortunately, as soon as the damaged lube oil filter was replaced, a leak developed on the 
exhaust piping aft of the turbocharger. When this second equipment failure was finished, 
only two hours of the orginally twelve hours of scheduled testing could be accomplished. 
A revised test schedule was created and is introduced as Table F-1. The priorities for the 
reduced test period were to recheck the 15 and 17 knot single engine per shaft readings 
(while MPDE 1A was being prepared for starting), and three spaced data points when 
both engines were online. As the ship was preparing for a graded full power trial upon 
completion of our testing, 24 knots was incorporated into the test plan and data was 


gathered throughout the run at 90% full power. 
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Table F-1: Revised Test Blocks of Runs 


Block Name/Run # | Ship Speed (knots) | Propeller Pitch % Shaft RPM 
/ 


4-]-B-17* 






4-2-B-15* 








2, 
oo ei 


6-4-X-15 
* denotes single engine per shaft testing with MPDE 1B online 
NOTE: X could indicate either engine 1A or 1B. 


A break was taken between Run # 6-2-X and 6-3-X during the full power run to 


switch the ECOM units and provide comparison data between the readings from the two 
machines. The data collected from the ECOM KL when positioned in MPDE 1A was 
collected under the run name of 6-X-A-24. 

The weather conditions were much rougher on the early morning of 16 February. 
The sea state ranged between three and four with high winds pushing on the bow. It was 
raining, with ambient air temperatures approximately ten degrees warmer than the 
previous night. The ship maneuvered extensive prior to the full power run in an attempt 
to create a clear, straight track for the trial. While no maneuvering was undertaken during 
data collection, it was difficult to predict the impact the seas would have on the propeller 
and engine loadings. Overall, the conditions for testing were inadequate using the 
requirements of the Test Plan (Appendix E). 

The fifteen knot data was gathered after completion of the full power trial. At this 
point the ship was heading into the harbor and shallower water. This shortened the 


amount of data which could be collected at this operating point. 


Disassembly: Nothing significant to report. 
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REMARK |First Sample taken at: 2/15/95, 1:01:48) 
REMARK |Last sample was taken at: 2/15/95 1.07-32| 2 i 


REMARK 


SE a A A a a 
REMARK [Channel [Maximum |Minimum [Average (StDev | 
see S eo ee oe 
REMARK |1BMnEngRPM | 218] 216,217) 0.65 
REMARK |Stbd Torque | 77,75) 76] 29 
REMARK |PortTorque | 109/108) 1090.25 
REMARK 1AMainEngin | 57) 18, 50) 19.83) 
REMARK 1A Main Eng oul 19" 
REMARK |1BMainEngin | 8} 7 BLO 
REMARK 1B MainEngout | 7) 
REMARK Ane Temp 255| 84 104, 1967) =| 
REMARK (1BinletTemp | 16-10 2ST 
REMARK |1ADeltaP | 1) TT 
REMARK |1BDeltaP | oO] SCSSCSSCT 
CN ae a a 
REMARK |iBPTotal | OO} 
REMARK 1A Fuel Used 848439230 
REMARK |1BFuelUsed | 2) tS 
REMARK] 
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Supporting Information: 


Included are log sheets from the bridge and engineering spaces which were used 
during testing Thr bridge logs (F- through F- ) document the sea and weather conditions 
hourly during testing. The engineering space logs (F- through F- ) record important 
engine support system conditions. The engineering rack position logs (F- through F- ) 
report the manual readings of each cylinder fuel rack position for each run. 


The following data was gathered from engineering personnel: 


Engine Model and Serial Numbers: 
1A: Model: Fairbanks Morse PC2.5V400 
Serial Number: 939745RR1 
1B: Model: Fairbanks Morse PC2.5V400 
Serial Number: 939745RL1 
Reduction Gear Model and Serial Numbers: 
Model: Philadelphia Gear Corporation 4-10M9X 
Serial Number: 139518 
Ratio: input 1200, output 99 


Draft: 
14 Feb: 

Fore: 18'9" = Aft: 199" Midship: 19'4" Displacement: 15750 Itons 
lenkeb: 

Fore: 19'6" Aft: 18'9" Midship: 19'1.5" Displacement: 15500 Itons 
16 Feb: 


Fore: 196" Aft: 19'0" Midship: 19'3" Displacement: 15500 Itons 
Days Since Last Hull Cleaning: 12 September, 1994 


Injector Timing: 12° BTDC 


Injector Size: Nozzle Tip= 55 mm 
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Fuel Constintuents: A fuel sample was submitted to Saybolt Labs. Table F-1 lists 


the results. 


Table F-2: Results of Fuel Analysis 


Constituent orPropety | 


The stoichiometric air to fuel ratio was calculated from the values of Table F-1 anda 











procedure outlined in Wilcox and Babcock's text, Steam, 37" Edition. The hydrogen to 





carbon ratio 1s 1.8 and the stoichiometric air to fuel ratio is 14.38. 
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Engineering Room Log: Rack Readings 

ne ee ee ue 

| Run # 1-1-B-10 |Run # 1-2-B-17  |Run #1-3-B-15 |Run # 1-4-B-5 /Run # 1-5-B-0 
is Se ae: ee: ae! 


13 
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Engineering Room Log: Rack Readings ea. 
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Engineering Room Log : Rack Readings — ce 
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Engineering Room Log: Rack Readings 
Pe ee | 
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Appendix G: LSD-48 Emissions Measurement Resul 


Samples of the raw data collected during the emissions testing of the USS 
ASHLAND on 15 and 16 February, 1995, was introduced in Appendix F. The 
manipulation of this data in order to present it in a meaningful form is documented in this 
appendix. Spreadsheets of results are followed by documentation listing the applied 
equations. Data sheets (G-2 through G-12) are included for: 

1) calculation of the ambient and local (in vicinity of pitot tube located in uptake 

piping) temperature, humidity and pressure conditions. 

2) computation of exhaust mass flow rate 

3) computation of mass specific and power specific emission levels 

4) sensitivity checks of the exhaust mass flow rate to small variations 1n the input 

data 
Additionally, additional plots are included to support discussion of the variations in the 
measured emissions data and the effect of these variations on the results presented in 


Chapter 5. 
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Partial Pressure and Absolute Humidity Calculations: 


The barometric pressure was measured on the bridge on an hourly basis. The 
pressure deviation due to the height difference between the bridge and location of the pitot 


tube in the air intake piping of the uptake room was accounted for using equation (G-1): 


P rate ~ Poridge * Pair ° & ohh (G-1) 


where the density of the air as a function of the bridge temperature was used and the 


height "h" was 60 feet. 


The relative humidity and bridge dry bulb temperature was measured directly on 
the bridgewing. The saturation pressure was determined selected from a table’ as a 
function of air temperature. The partial pressure, absolute humidity and dry air density 


were then computed using equations (16) through 18). 


' Wark, Kenneth, Thermodynamics, Fourth Edition, McGraw-Hill Publishers, 1983, 
p.799. 
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Intake Air Temperature Calculations: 
As discussed in Appendix F, the calibration of the ECTRON amplifiers used to 


amplify the thermocouple assemblies was not known. The calibration curves introduced in 
Appendix F were applied and the temperature of the intake air was found. This 
temperature matched the machinery space temperature, an anticipated result. 

The incorrect slope and zero were removed and the correct calibration constants 


were introduced using the same equation. 


_ (nilliVolt - Zero) 


(G-2) 
slope 


Temperature 
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Exhaust Mass Flow Rate Calculation:. 


The engine RPM, shaft torque and fuel consumption were data input from tral 


measurements. The engine power is computed from equation (G-3).: 


; RPM Torque (lbf-ft) (G-3) 
$252 + Number of Engines Online 


Figure G-1 plots the calculated engine load against data measured during the 
Standardization Trial. The correlation between the data sets is high. 


Figure G-1;: Engine BHP Correlation 


Engine BHP vs Ship Speed (knots) 


yv——v ASHLAND Data (2 Eng/Shaft) 
o——o DIRC Data (2 Eng/Shaft) 
e—e ASHLAND Data (1 Eng/Shaft) 
o—ao DIRC Curve (1 Eng/Shaft) 


ae 
a0 
jaa 
oO 
= 
BD 
= 
ea) 





Ship Speed (knots) 


A best fit curve was plotted through available fuel and air volumetric flow rate 
data to allow calculation of these values as a function of the engine BHP. The equation 
and curve for the volumetric air flow is included as Figure 28 in Chapter 5. Figure G-2 


depicts the volumetric fuel flow rate and the curve follows equation (G-4): 


Fuel Flow Rate (GPM ) -3.48E-8 » BHP? + 5.75E-4 «BHP + 0.323 (G-4) 
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Figure G-2: Volumetric Fuel Flow Rate verses Engine Load 


Fuel Consumption Comparison Plot 


y = +3.48E-8x° +5.75B-4x' +0.323 
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Equations (19) through (22) of Chapter 5 were used for calculation of all other 





terms. 


The calculation of the specific emissions, G-9 and G-10, were computed using 


equation (23) and (24). 
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Table G-4: Calculation of Specific Emissions : | ) 
Ship Speed Bae imexhaust H2O CO dry COwet CO wet 


Engine # [Run B knots ibhp kg/hr mol conc _|mol conc__mol conc ‘ppm 














1B 7B 0° 178.7617, 9169.827 ootees2| O.0001I7| OoNTTa| Ta S488 
[ee RT SO Se ECE 

3-1-B : 0. 180.1093 9189.261[ 0.017894 0.000135] 0.000133, 132.5843 
Ave | |_| 180.0534] 9182.675| 0.019878 0000126) SS 
a a i a a a a 
0.028517| 0.00009) _8.74E-05__87.43344 
475.318| 11774.37 _0.028429| 9.57E-05| 9.3E-05,_92.99298 
Ave pT 483.9772] 1845.13, 0.029871] 9.14E-05, | 
| a rr re eae ee eee eee 

1026.153| 16165.91! 0. : 

10, 972.1448" 15755.81, 0.046896) 7.56E-057.21E-05) IE 
1B 3-4-B 10 1007.456| 16023.96' 0.040691 
SE ee a A a Se, 
1B 1-3-B | 15| 3346.881! 32584.8 ee 





| 15| 3366.758| 3264.22 
15) 4024694) 36955. is 
peo | arse seo sires oom 


i: 1-2-B 17, 4869. he 48 "oa ees res 46742.96 aT 051731 — 9. Seas rarer 97.67167 


— 4888.718; 46962.75| 0.05053 ee 7.83E-05, 78.33126 


17, 4920.643, 47330.72| 0.046769) 8.39E-05 8E-05| 79.9655 













































. iB | 17| 5577.271| _53859.2, 0.052199, 0.000111| 0.000106) 105.6121 
5064.017 48723.91, 0.050307, 9.52E-05 
1A lex | 10| 611.1438) 12915.01| 0.034281) 8.57E-05| 8.28E-05| 82.77567 
1B 61x 10 617.4127] 12891.43! 0.031425) 6.43E-05| 6.23E-05' 62.26554 
\" 7489.517| 93083.97| 0. 8.03E-05| 7.63E-05) 76. 
1B 6-2-X 24° 7577.978| 93254.02) 0.050104] 4.58E-05| 4.35E-05 43.53687 
1A 6-3X 24 7616.475, 96317.98| 0.050016, 0.000084) 7.98E-05| 79.79866 
1B 6-3-X 24, 705.918, 964701, 0.04959| 0.000075) 7.13E-05 71.28074 
Sa ee ee ee ee ae eee 
1A 6X24 24° 7681.901| 98088.22) 0.049133| 0.000103) 9.77E-05 97.67967 
1A 64x | 15| 2171.266' 24625.67| 0.053078) 9.33E-05) 8.84E-05' 88.37909 
1B 64x 15,_2266,645| 24760.99 | 0.050703| 0.000095) 9.02E-05| _ 90.1832 
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_= eS ee eae ee eee eee eee 
9) co _|NO NOX __|NOx wet NOx wet _ju(NOx) NOx 


= an 


0.000966141, 5.66712 0.000336 


mol conc = conc  mojconc j|mol conc a —- ane 


0.000101, 0.000436; 0.000428, 427.5656 0.00109 23.91437 


0.000966141! 6.029375! 0.000381| 0.000109' 0.00049) 0.000479! 479.2961! 0.00109 26.50634 
0.000966141! 6.531205| 0.000278! 0.000107| 0.000385| 0.000378) 377.7868! 0.00109 21.00279 
6.0759} 0.000331) 0.000106) 0.000437; (tsi _ 23.80783 
=o SSE SSS er | 


0.0009661 41 


0.000966141; 1.890946 


0.000744] 0.000108. 


0.000966141) 2.225584] 0.000629, 0.000112 RSET OIE LU OOG72 STA 0.00109' 19.46031 












0.000708 0.00109 19.62829 
0.000851 623. i 0.00109; 20.51326 


PF | 2.108692) 0.000661) 0.000106] 0.000767, | | 19.86729 
ae. ae —2P aS |e 
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1.128641 






0.001443, 


0.000966141} 1.105614 0.001216! 0.000112 


1.25085 0.001334! 0.000117 


0.001563 0.001485; 1485.02, 0.00109 25.50879 
0.001464, 0.001395) 1395.106, 0.00109 24.65395 


0.001328) 0.001274) 1273.981, 0.00109 22.09408 
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ey 1a. es 
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[Se eee ee eee 
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able G-5: Comparison of Exhaust Flow Rates Due to Variations in the Input Data 
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| 


ee en es ee 
Original Original |High End High End ae End ee End 


1A 18 


1B 1A % 1B % 





TA % 1B % 


must fnew ‘mxhaust _mexhaust Pe enence Difference Hae ee Difference Difference 
kg/hr 


ight 


a — TT 
$169 227 __._$487.801' _ 3, 9174.195 


91 94. 7 ae Beale ‘456 0.037848 
9183.261, —s—|-:«9180.366 0.031 521 | 





9182.675 




















kg/hr 





9179.894) 











kg/hr 



























11457.67  11453.16) 0.03933 11462.18 _ -0.039361 

| 12303.35 | 12300.77 0.020999 12310.59 | -0.058832 

| 11774.37 —11770.24 ~———~——*«|:-:«0.035095 11778.51 -0.03512 

— 11845.13 11841.39 0.03158 11850.42 _ 0.044697 

| | 6165.91 - 16160.29 0.034718 6171-52) | -0.034742 

15755.81 15749.4 0.040644 15762.22 | -0.040678 
_ 16023.96 16018.27, —*|—s«0.035466 
15981.89} = —_|_:15975.99 0.036915 

| | 32584.8 32574.25| ———s«|-:« 0.032371 32595.35 | -0.032392 

| 32118.63 32104.11; ——+| 0.045206) —s_ |: 32133.16) | -0.045249 

_ 32664,22 32649.56 0.044884 32678.9 | 0.044925 

_ 36955.75 36942.96 0.034609 —'| 3696855, ~=——sis:s«-0.0.4634 

_ 33580.85 33567.72 0.039099,  —_—s_ |: 33593.99. -0.039131 

" 46742.96 46724.94 0.038544 46760.99 "0.038574 

| 46962.75 46944.2 0.039493 _ 46981.31 -0.039525 

| 47330.72| 47312.52 0.038441 47348.92' -0.038471 

53859.2. 53839.82 0.035995 53878.6| -0.036022 

| 48723. i aa Biese 705157 37 0.038043 48742.46 
Se | a 
0.178689 0.031802) 12938.17) 12895.53/ -0.179345' -0.031823 
| | 
93083.97. aes 53004 65 93223.9 0.084888, 0.032204, 93163.12| 93284.15| -0.085037_ -0.032315 
96317.98 har 96219.47 9644615 0.102275) 0.024829 96416.7| 96494.07 102481 -0.024842 
98088.22. 98069.73 0.018849 98106.71 ' -0.018856 
24625.67, 24750.99! 24615.32) 24741.63' 0.04201| 0.037786' 24636.03] 24760.35! -0.042068! -0.037821 


[High End 





| ‘Original _ 












[ 1B 1A 
mexhaust 
‘ko/hr ka/hr 






High End 
1B 
mexhaust (Difference 
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Difference 





192 







| 


1B 1A % 1B% — 


rete reanast Difference Difference 


‘kg/hr 


Variations in Emissions Measurements. 


The emissions data was collected over two periods. The first was a six hour 
stretch in which the only one engine was powering the starboard shaft. The second 
combination included a combination of both plant alignments. Figures G-3 and G-4 plot 
the measured NOX concentrations in such a way as to differentiate data collected in 
dissimilar manners. 


Figure G-3: NO, (ppm) Differentiated by Plant Alignment 


& 2 Engines per Shaft 
= One Engine Per Shaft 


0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 


Power Fraction 
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Figure G-4: NO, (ppm) Differentiated by Day of Testing 


@ 15 Feb, 1995 


| L\ 16 Feb, 1995 
4500 é pe 





0.0 0.1 02 0.3 0.4 05 0.6 0.7 0.8 0.9 1.0 


| Power Fraction 





Two of the data points for data gathered on 16 February are for a single engine per 
shaft alignment. These points correspond to a power fraction of 0.45 (ship's speed of 15 
knots) and 0.65 (ship's speed of 17 knots). The 15 February data points grouped 
immediately above and to the left of the aforementioned points also correspond to ship's 
speed of 15 and 17 knots, respectively. Significantly lower NOX concentration values 
were recorded on the second day of testing. Some of the deviation can be attributed to 
vastly different weather conditions (sea state one on 15 Feb and sea state three on 16 
Feb), but drift in the calibration of the portable emission analyzers is considered the 
primary cause. As the rate of drift is unknown, the calibration data measured after 
shipment of the analyzer back to Groton, Connecticut should not be used in an attempt to 
equalize the data. 

There was also a significant difference between the emission values measured by 


each model of portable analyzer. The ECOM KL, an older model, was used primarily on 
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MPDE 1B; the ECOM S+ was attached to MPDE 1A. The extent of these differences 
can be viewed in Figure G-S. 


G-5: NO, (ppm) Differentiated by Engine 





@ MPOEIA © 





0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.8 1.0 


Power Fraction 











At one point during the ship's full power trial at 24 knots, the ECOM KL was 
transferred to MPDE 1A. The Nox measurement for this engine did not increase to the 
level that was being measured for MPDE 1B, indicating that the difference in the emission 
concentration levels could not be attributed to the portable analyzers. 

The engine had both recently been adjusted by the engine manufacturer, but little 
Operating time had been logged since. This is especially true for MPDE 1A which 
suffered two equipment casualties during the three day test period, placing the engine out 
of commission for most of the sea trial. As NO, emissions are sensitive to engine 
combustion conditions, one could expect small differences between the emissions 
concentrations for two engines of the same model. This still would not account for the 


variations seen in Figure G-S. 


eS 





There 1s also a possibility that the probes were extended a different length into the 
exhaust pipe. Although a well mixed exhaust stream was anticipated earlier, which would 
have minimized concerns regarding exact probe placement in the exhaust pipe, this 
prediction was never verified at trials. The probe should have been slowly transversed 
across the diameter of the exhaust pipe in attempt to verify whether the temperature 
profile was constant throughout most of the middle diameter. If the flow could not be 
modeled as well mixed, the emissions concentrations may have been sensitive to the 
placement of the probe in the exhaust stream. This could account for the NO, level 


variations both over the two nights of testing and the two engines. 


196 














OURLEY KNOX LIBRARY 
NAVAL POSTGRADUATE SCHOOL 
MONTEREY CA 93943-5101 





Aare {ery be ae 
Per eta) 
kmetae. s. 


Wate. 
ape epee 
ps rg rom eT pat Pr 


ae iS 


eer T 
diated God at erey 
a jRe Biss a § 

Bahay gn Pree dee pdt, 

ys a in'n © . 

et Pa ge mbt . 6, metho af # 
ted 


a aOR! Rad tes 
seer Pajenatgastne bod ‘ 
Rink pre dorb od af = 
- hae 


Gara? be 
og a? 
seiake® 6 -deAzn-6.5 bok 
rae ye res Fated abe rh Beene 
Se TES: Pains 
at bs poke dor, Bon ah hg 8. 
ib pees st Aap 
thee Fn tf Bag Fe Bs! 
Riser. if Mies 


te 
marge-rarsd 7b oR tz 
sare ‘on 


sate ye ee af 
tara sr SOS epi. 6 Pao f Made? rs, 
Pi ddl cede. By Paltad 93 28a! cdal abertron 
alardn? wae, ted tay Badth what a? ot 
renahs tae puneiale Lube tf * 
ea eee ae 


Lea ot 
ree rae! 
Pal per 


tte ee to 


+ teeta hee chet at GP ce 
oe Balint Ko Pobetata 
ake et Ages eh ges Bev! 
ea Cte nee 
Heyer | 


overp: Sf whan oo Me 2+ “el . 
ee ercase she Apites: piarws ds. 
faked aNgh. do ¥-Part Soha Fadehs Meat 
fqttame at eLae oe gah 
Der ed Prabal oF. F0: 
bi dpteh fb Rae 
(aT eee 
oa ae 
SF Coes aLraee 
ith baeytal oate 0 V4 
PEE ed 
tebe oP eital Madre 2 
PoP rd ghadnd sowos » Hs’ pests ay 
Bagg, Fah Fakst of aten 
at rg foie’ ebebeted si. 


oB 


DP al a Ware Pe Bs hy 


B Pe big deaths? nds bet 
Pa Pe Maten 


yVeDede sal sour 
hs ee dd 
sees; athe hd shed y Key! 
R. af stad ws oak 4 


yhe®. 


ua fyPa i > af alah oDhrue ef (aPeBeiad 
Fh lig Mei af art ae Rough 
st afm of ads J wFata adele 


Pot 2 a 


a 
cece * chan 


hive ytia Dk faerichar, 
+ ae wal? 


trah ht 


ad 
ed bell ot 


ade 
“tat are seicie = 5 
BhESe. poe Te eee ee 


, 
¢ 


e wicbabe ett ste 
Af, 


wot wiieoe! re Pexat 


DF Babel hed ert se 
gents 7 a 


Fe “2. 
a PoP, 
Cy ate 
t Cod 
esa, Shalala da? acre ee 


a+ ta 7h — ale fe 


Seay 
el "so &- 


i 
x 


re! 
qra v 
r¢ Ge 


Oe 


storas, Tereety, 
8 


ore” 8 “E 


Ne dae ped od 
ae He font ew ar 


omy ed “5p aE WHEY, 


*¢ ¥ OT: aa 
Skew 4 1 teres id bed ba) 
AE OF ea eo Pee Se ioe 
FB = Ayer Hare per geyrs lian tion 
Ne aR Bl od hs Mone CO ae te 
mPa Ou Py Oom Fehe"S "2 AEN EE 
: eye” a in Mel te > ie Medios 
Ter sere sprees kee na 
erat oS ay 
Sy 2s =. Sgogry 
TLL Sia $7 - fn A ’ 
Hey holes * oft ovre a AX - rr oe 
4 ig 


CS er 


2.ar0" 


L} 
ie sehr y a ete par 
TP them, 
= ic dest od 
Begs 


cyee 


eas 


9 wh *: 
' eure se 
term 
rae = 5, p09 992 ee tre het ach lie ae hha die, ea shee 
ae Ia te tata mek ot pd ad oh beh, Re 
mee ee Pepe oF ar Pry” rare ted Myre Or gan ae BaP 
~s@ Heine S t Carel 3 he 


= Mofalle 


dally Mel tbe le Sp? F- 
ae ie he nH wake 


ag IF pone 
=Petem oA 


oo 
Fein?» ass? 
rs edad. Sat 2 ake 


a ah fe ee 
“a erd** - 

. Rise. > Mee EM 
a ee er 
may F pertg eater hg SPP 
ees x Ui wiy* a E"s 4 ‘ hmiee 

vrplePSs Se MEO 4 PS Se 
oem 6th Sy hia as Mie 
Pos ed iD e 


Sat 
eh ter el oe 
PRU am me em we LRT Fame 

Agrous, See eed Pi 
. = ews e%L"%.5 


"97 oF ht hy Le Sod 
3% ay" 


es 
a dd “6 orate 4-4 v 


eta a eet > 


php safes 
AACE A. Fedak Shoat 
feet Mae a Se 
Ba)> faceted 26h RAF 
Ba arent ith 2v. aren) ye a 
we aga genesc wy rend 3 


Hehe a 
ererigeal haj he ‘ tos 
Seek ta ® lhe 


4 watys) 
Poe ee 
iat: A dps of fe 7 
: vee ears 


sted al, 
eet a re 
dared ott 
Doves ge Ba 
aie uh eadewe 


bre. Vas 
a h Rast 
tx 


a del as 
rat) me <a¥e 
pam he? We wins 
cH afar bl 
bor eal at a 


. 
ty phils a. ! 
weed def Gal 


5.2599, Paty f Pay 
1 


oe Kaur di 
ae Met 

Pad altel evbyre 0. 
ay Set ta thee’ retry 3 
Una by ageta ted Petes, ot 

ae ae oot ae wate desye 
PPL et Sk ed ae OO 

aidad i ret ee ra 
“dp Pasa iates oc Mofir> ti 

pire byaetia ateng pig e Mykatade® Se 

1d sa ea ofa tu} 2A Pet pes Tal gal od oda 
hie espa bated Gb fF Bee heh, ar tl ? 
Doras, Hou lah ae re dad! us 

sag b oe! 4 


hare 
a byes Bt 
Crt at td 4 y 
«ara si why te bere aurea? 
nines ord Fi deve brats ret 
ot bet Fetak Mae, ero ae J 
haat gph degeret i 
A foe 


¥ toa, 

WD ped. Pot Pa Net ¥ 
dah iio ced chad sb hee, # 
i) Pen dhlee seette pe Ag 
456. * Rm ih cep i 
stad Nog 


soe 

ne Pew ogee By 

nF ha strteseeiter via teW. 
gas eed 8S ab ad th 
90, ee Pt ed ade 

Hep wobad Doser bee 
waa Hae e ee as 
erste, 


pay Cerise,” Fol 
f PLes Ohl aval a al 
Koa edn kee 0% 


amas ” He ‘ Pa 
if rs a. : 
re a rie #e al Dobe’ aited Pears F U3 
aN Bebowed b te ppsit ® Rove Fe 


faeF ae) wing Mubigh Fe Pee de tod were sd 
s ae Dy Pet ota det ae eerie ay g é eS Let ai 
ected d'egem calle? y ‘aned ie are oftw 
eB Bel he Kets ¥ dp Bee We uF Le dere 
u sab ad Fis et eh ae Up eH api Ae a 


oh ek Ped 
Micke Ree welee gio at 64 


«7¢> 


ie 
Ve, Byad &t a phtPs 3 + Bea ‘ ‘ 
De hyena Veit . 


Deb dead ag roe 3 
Tod cradtay’s *b BE” ‘et Haku sat etedeved e 
mem fie Pr bade Se P. 


* Riakided 
wie tet Staal wb 
Lae ab gheet " 
7% as ee ete *: a bu sa 
eal a dae 
the geteh Pad of ored i 
am) “Tgieiah wdaby Pe 
ow rs far whet I oral 
Dein ard at 
Ct a Deeomde #3g2,3 tt 
. ewok 2 Sieh wD oe isin Sey 
beled 7 DEER yelhe Jaele 
art 43° ee Ds datiecase 
tedadea tint Peaiketre 
pee Pulte ab Sar a> 
sy Pes4 tate 3 Jet ’ 
wel 


often as, fhe e 


ase? 


* 
* og? 
ww Zeboh 4 
Parte oes é 
In Hof Br errot 
. Paseo wat De ate 
a 


© 
Wate yee _ H 
siabede MEP ee 
‘eae wee i 
‘ope ek te att hee 

ber % 268e ota? 


grantee de RED o) 
Ne bee dy F dade Bet Pee fot . 
Seeded ot eh ad wih wB. “are 6 IIs 
CuPser Bl Deed TF sb of Fone? 

adil sph ek th A Tia wets % ss AEDS nae aah, 

(CH Md : ae Ff Bt De 

Mo PP ANF a a Becrade ime My Meh ad > fo) ad ot PeP dee arte 

fs adele oP S0ol! re «tee A 
ala Nat ido de a renee a 
Per od >) 


at cepae 
spss we 


Lad Pe 
Ye 


44M dete 
thot La 
Fb enbthelees 
3 hie al delat, The 4 
Reet wt oF Ns ae peo aide’ 
ei Sob.) oadae rea oa 
oats he? ee ey 
OE rGdeh Vel her hein 
ve db On ot fe 
dal we ora 
het ade tay » oth ed 
» weed De ie 
oh bat Feb edoe Ben wit Tr) 
Sat tO A sleek +’ 
er a 
CF. @ AS 
ap Meh 
1M? dae 
be oe OSS et 


FeSatede® 
opt old ite of gadabe fs “ 
mere? Dye wor 0 hee 
wee ed airy bd ed i 
btet base F 
Sen HF elbie? 


aria! 
h3is et Sot 
Be) ans Bataan 
oie ™ ae" 
hohe” beat tite 
f& 4° sonal ard 
27 ate see Dy dh 
i oabett See fa 
Ue pi Verel al & 
Ly Feta iw ' 
rie Laer 
Ae Wy ri zie P and, 
aan 2 A Tab e S hs 
es Ao *: aah Pies 
nn -?f 


Ma awa rs thee alae 
Fe? ? ate" « vPe% - 
Pn fale 
A ab yard ’. 


ware > prem a 
toe 

iter otut wh ten slae oh YF “re were ® 

Py degD draM el oe Bee heh abet 
Pe ptte te 


” 
baPad 


* 
te 


a er othh Ps 

eS ere a 452 sor 

menu Ph oviat 
samt. wb. “es 


fs asa 
okt ta ehy? Pri? 
of itgaup eats ot? Med 
ne balled Fw os T 
tah ae wh alghCe7But . us 
ee Fal s 3 iy vt ef phe 
Pe LY 4 ‘ za? 


“tg berare PEM h tug bad ae “1 
pee res) 
14. oH ‘be* 


pele Pert 


ton 


Srl val caed a iene sd) Welder te 


t. 
site all evict “ 
a 5 


genre t eye : 


pear tele Pee ’ 


» 
Seer Whsdst, ¢ F 


taal 


UN 


768 00314315 7 


‘ Pa : 
so Wrae +85 yi te He 
(ie debe ae ' 1 fh Se) 
ae his 35S. ‘ + 
ecapee 
Cade otal 


d 
qaeo hel 


re ets 


Fi i ep pete! 


oe? 


tear 
ni Prat etal ear) 2 neal be 
wt , 


Dave daly 
"thank 


eo gt Aoha at w 
oF gute dedi dyfead ® my ? 
a ether tO Oh 
prottay F 
fe toe 
2g binehee 


+ Ly 
eave . ’ 
Fal ‘ ar a ae! 
> aoa fan te” 
ba oo Po eer be ee sue 2% 8 
th OR Osh a we wth ef#has 
th ee Oe oe ee ee afte o«# 
we Mebecplte ote ad . , 
be pea lode 3h edy 
v ite fe Dageed a aye ce 


“ 


eo dey 


oder 


Ri Me tehee Wiese nh ~ 
‘ 


oe et, 
+h ae 
‘Fee, 


a t 
deravel aes ef? 
aatasea 

ole? 218, 
ap mre yg  Ghe sé 
gem, te akg 
weet taw 

Mt shee s 

“e "he sind) wit ope ke 
West "st wr 4 ors 
eje? eee dee 


tbe rs aa 


bore: 
bt otee 


Piet LA 
te 


ei Pye o Maat 

see 
geile ot ty 
miciee 0eR 


ae ane wow 


." dex 7 


ats Ua aa 


MW Faligde 
a th 
en a “Pa 


: 
vigtihe Fes 

vey Oat ad ate Paper 
"1hrse? F MICH 


Paare 


nak? 


Bub ye 
“Meds Sha? 


arse 


oy 


‘fo « Maz Our Ly | 
Fr os Paget & 
Phe SHR Ry? 8, 6 Og re re 

dy weney 2 lm et 
a od pee 
‘pies bE. 
se w See 


e 
° SASSY. B 


b 7 eh 'AG ¢ 
* 950 / 


a, et ye 
Ss angle 


ay 


“A 
ih ee 


ws 


fogrees oy he 
mae eee 
et Vober! 


rer, 3 rE ie be chetcoar he 
a Feyprere es 


DOT hae 2 at Bar Laas De 
were a? tee fs > age 
% Veren'3* 
ewwienre 
PD Vy 1, 
you ye 
ie re Pers yes ty ne a 
regen Em et grat tae" + ac 
PA ey Fig: 


wee 4 9 
wetun ha, 
Liat, < ’, 2 


Fish! Phaahaps- ri 
=* pre 
GA 


1% 


why 0255 Wa EM 
ad a a ’ 


oh cete 
. veer gt. .- 

CH bee ot StU . 
Sey eee 


oerarnte: 
gua hast hes eh tae As Vols 
ose wr okey 
“ue 1's 3 or ure” 


vs wierae * 

~ peas pty 

mT ae fe yagt 
‘ 


yb Am hy 


acre 

Viapeary cee Semepe 

Sa gers why HET RP 

arya estar ase “Ale 
pep Bare me 
"qhete ouserme tps atoty "te Svoagre ¢. 

Seat aets g* +f rpg * . » eS e Sede OF 
% sige i i ee a 


gto ey 


nyt saSerg.y * 
cy wes gree ys: Ponce 
irate er e 


weir 5 tye Pap foe") Oe ed 


on ea 
ae eretgtyne Fy 


ey ary th: 


ees batty. Bt east A) ah wy al eel peenhe ps YS 
w pti cs 


COM IPDP ey. * 
ares eu eetet 
Be gr PoP gta ey wt 
cays Shnegent: opsenr | 
Sag babe Piatt oo git hd-id ee pi 
ow rr + ret” Mr rye 
ray eeyres 


td zeny ere ws yaegt ca kidgt ere 
poesia Set 


oe wr ot oe vg rae scer 
> 
pom 


Vaal ais) RAD 60 yew ot 
sed ant malt t ea ree 


13 
eae", Vebies eco a4 
ecw wily nar ,. 
Leon 


yar 904? Bs 
oe OP ate: 


emery ta 
ame 
voloce tr = - erp ferent were 


>, 


Sacacenar sa he bt od uh bd wiih el ca ead 
eects ag A Ave Ay cong a 
ers, ash oer 


Pets SEE ORe 
Fd i U 
A ae 
top bet Le Fore 
sr ad be chal of add deh ae 
LOO bd 4 pd dh ahi tes 
CL A te Shah hdd 
$98 Rre e F Oy 
a sree, pave, 


oe = Seda 
o 2. 


OT oe sa Jak 


fee 
ee 


? 
wee 


roves Rate 


fupiec wretereecct rater 
Kets vee pay 


vr oe ewes er 
Ao es acele o 


nA 
erre (dang 


Te 
rrecyre ev ae «ere 
waters ‘wy ads 
“a UN aM 
On ed +, 


ee» og 
i od Bhd oO? pr yee 
aie precates yee Hh «ere! erly eg 
* 
bs evar avet "power 6° Or“ Sh Peer 


¥ 
tgreded ora vgs 
secert =axiep 


Kd 
eS aae reece bus | 
ose”, 


ater De 
omyee 
is 
wg 
tes os 


Ud Sahel ad ca 
Sapte ere gt ke 
A ob sc be Sh edd ee ee ta 


‘Coe oT geee re vi be 
or tf, fe Shae ie zn ‘y wt Fd ite aus a kaNres 
we bc Fem on & 


' Pes? 
“pigeampr sates Sp ORSS oie 
3° ft ; 


,f 
sane mM, tee bet ahey 
ins ht eo) 


nt 
. 
vee ay uy 
28 FR eee ee 
ead 


res pareeyor’y 3 
tae SO. be 
i ee 


= 
ace nece ay eb Pes exe ys bap w 
are: wey meena t re eyte ty , ‘ 
*9e"rn4" a. eget rag? y Say a “en 8 bystey eo ee ges 
Te Permeur EOE yh ‘ e wees Se? Sate tyre 
iad th $0 a mh? THs 
: BA he Set 


BESTS 


yout 


+ ak eAt 


o aye 


4 


ta 10 


Me 
md Ber of . 
'r pt try 8 dae cre 


a> 
. 


el ? 
o TROLS 


» ahe 
Poy 


avarke 
] 


# shee 
4 


we 
oh oDe,% 
fe ad Puke 
at 3 


rib te oite 
Arr PD7, e be 
hae wri %.0 
a" 


oho Pee ee 


“, $PP atone 
> fa 


' 
' 
Vis. 
oLr "ato t +P) wehae 
Se eos 
% 


‘ 
Fr 


* 
Se* FF 
Astewet.t 
i 
meat 


oflare rat 
a ey bd 
Sars 
se Ny 
eta 8 
es ¢ 
» P2vase 


sty at 
tent 


% 
Re 
aye tat bee 


pe tor dor 


sto 
peeve te 
14 bo" 


H Soyreetey 8 
4 * 


ye ye begs > 


So 154 a. reeyy 
ee a A, 4 « thes 


’ 
we U 
ne tt hy ahh q tts % 
pheetr p apt se tyt 
» ye oh, 


wer 
et as 

ay ray te a 
. i 2o° as 


cei: : 
Facsee gy wa bl! 


WER o KW age ics. 


syste ed 


: 
ares we ! or Li 
ern py 
Ay sys 


vpretit re grarae tts 


‘ 
*¢ wren 

ite rae. hs t aan 

is4 Pa 


ar uty a 


Wes wT Awe ase ood as 8 2 
Wt tin heat sohtets eB oe 
Wi on oO ah De ¥ ra 
Lp ie ATEN Pe ee ke sad a | ite ‘ ie ewes 
A ae Cie Meal ae } Ri esas 9° ¥ 
tins Mele ye Gitere wer + nahh y we dct whats eye 7," . he 1", o 
4 . GAS nee Urgent, ty * La ee H sa sce gs pry Bah Piet wdt 


* oe epee APY f ts ‘ 
Stay tens i) ig An betty 
‘yy 7 best S 


2) . = 


f # doesy Tt b 
yUne were ta eae Oe tte aan ere 
ent vere t Ud dh Sa owe aU te Rae er Uk Fs Us, 
ph Pak gre wr gre ebb reas? 
feruse ys ,ereeere 

fas % ureryegty fea de we 

a bat Pes t] 


1 

a A > 

i ? oe 

aes) AR “aatite + ve hs 

’ Ld ve veep bt 6 Oo HS 
4 Lt eee griars 

sated 


ens ot “iy ‘ "abe ne ask 


a LA FASS 
“one very sh pte. fh 
are enue tbe 
4 rein sats? 
st ryt, t 


Oy tye 
a 


ob tes 


Meee it 


ry 
. vet 


W 
OO TENS 


ewe mye 
ee 2 We oe 


aoe xu oy 
Leto 5 
‘ Hh vt he | seyre L 
wee to A 8 


Se eae 

‘top heb vey rab vs vise den 
ARM ANIL E Te tn aot 

at. +t ALAC 

ert 

ye ope 


Mises 7 th rare ie 
wd es ra 


PC Wc 
fos Be 


‘ ae Ot pays 
tre b oar 
44 ha 4: at wt oe 
fe 


fy wheal ys 


iC oa 


Hor 


ports 
rte ae a 2 | 
+t ei eg Mb 


ess! von Whee oD 


oe, aU dks 


os > 


4 


s¢ 


hs | hed 
bees 


’ 
vee Hedy re 
i ban 
™ at 
to te 
seitg 1 


RY) 

s@iva dd 

& {urs 

wy eM “et ’ 

ts 3 eat 

t oe ‘ ‘ 

ot Paar 
vypae 

4.3 


oa aban 


roe 


Cn Mee 
oe Pub ber fe 
mi bat? 
broer 

re SUS 


defet,. ef ? 
. ee 
tyne 
ae Seat oe tb wate EOE 
1 “e . 
: we o bee Be 


gud tbbes 
ye: wi 
teratets ° 

etre ves 


- : an bok ‘ » ot, . 


ynes 
1 

4/5 
tah 5 * 


ar a 
et 


* 
oun 
Cah ae 


a ® 


eh, 


"4 
SL a SENSI 


i ee 


ap 


na ceat 
’ 


at 
veel Was 
Mp 


bee 6 
A 


a 


etn 


“4 
fe 


«b ote Oda 


. 
pe tie 
Pm ,p ek Hoa 
sr oot 
sen SF 
este 
we 
se 
2"? 


wet a 


bras 
cee reert 
are | 


doe 


Le ee 2 
eres 8S 4) 


pects 


Ls 3 
a ee 
kei ta 


eegea 
rior 


1 
. 


" 


fe. 
p Arte 
z 


ates @ 


i 
Ce 
' 
ats 


taser 
aries 
ae 

ase 


secre ine 


'. 
et Uateted 


3 le 
«vet Gaile ‘ 
ion Hoe yeh S 
. 
a toes 
be 6 
=. se) Uses 
+ 4 + 
Pipe eS 
» phargt 
. 


nace s* 








